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Abstract
Routes to the sterically bulky chelating N,N’-based ligand systems (C6H31- 
Pr2)NC(Me)CH2PPh2(NC6H3z-Pr2) and /-Pr2C6H3N(C(Me)NC6H3/-Pr2)2 have been 
developed and their chemistries with Group 13 metals, specifically aluminum and 
gallium have been investigated. Highlights from this work include the isolation of 
neutral Iigand-A1R2 species (R = Me, H) which in turn form cationic species when 
reacted with B(C6F5)3 or [Ph3C][B(C6F5)4]. In addition, the N-imidoyl amidine ligand i- 
Pr2C6H3N(C(Me)NC6H3/-Pr2)2 reacts with three equivalents of AlMe3 to give the species 
[(z-Pr2C6H3N(C(Me)NC6H3/-Pr2)2)AlMe2][Al2Me7], which upon heating loses CH4 to 
give the neutral species (z'-Pr2C6H3N(C(=:CH2)NC6H3Z-Pr2)(C(Me)NC6H32-Pr2)AlMe2. 
Kinetic studies have provided insights to the mechanism of this reaction.
A number o f late transition metal halide complexes of the above mentioned ligand 
systems have been formed and derivatization reactions have been performed resulting, in 
some cases, isolation o f systems not common in the literature such as the borane 
stabilized nickel (I) hydride species (z-Pr2C6H3N)C(Me)(NC6H32-Pr2)C(Me)(NC6H3Z- 
Pr2)Ni(p-H)2BEt2. In addition, the sterically bulky P-diimine based terminally bound 
rhodium dinitrogen complex, NacNacRh(N2)(COE) is isolated and is the first example o f 
a rhodium dinitrogen compound supported by a nitrogen-based ligand system.
Finally, a new titanium-based phosphine dehydrocoupling catalyst, CpTi(NPt- 
Bu3)(CFI2)4, has been discovered and applications to the dehydrocoupling of primary and 
secondary phosphines has been investigated. Dehydrocoupling o f PhPH2 results in a 
number o f intermediates: PhP(H)(PhP)x(H)PPh (X = 0, 1), (PhP)x (X = 4, 6) and 
ultimately (PhP)s as the thermodynamically favored product. Reaction o f 1,2- 
bisphosphinobenzene with catalytic amounts of CpTi(NP/-Bu3)(CH2)4 initially gives the 
dehydrocoupled dimer as an intermediate to the the previously reported Pi6 macrocycle. 
Dehydrocoupling of 4,5-dimethyl-1,2-bisphosphinobenzene also gives the dimer as an 
intermediate, however, upon further reaction the unique P 10 containing molecule is 
isolated.
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1.1 Overview of Dissertation
This work is comprised of two general topics: First, the development o f sterically bulky 
diimine and phosphinimine-imine ligands (Chapter 2). These ligands are used to form 
complexes o f late transition metals (Chapter 3) and of the Group 13 metals aluminum and 
gallium (Chapter 4). The use of these bulky ligand systems facilitates the isolation o f a 
variety of compounds that are often considered extremely reactive. The chemistry 
discussed herein will focus mainly on systems containing sterically bulky ligands such as 
the NacNac ([CH(C(Me)(N/-Pr2C6H3))2]’) ligand system. For reviews of related ligand 
systems refer to the works of Lappert,1 Brookhart2 and Gibson.3 The second topic 
highlights the discovery of a new phosphine dehydrocoupling catalyst (Chapter 5). From 
this catalyst system a number o f phosphine oligomers and intermediates have been 
isolated. In this chapter, a brief overview of these topics is covered.
1.2 Chemistry of Aluminum and Gallium containing Sterically Bulky 
Diimine, Phosphinimine-imine, Bisphosphinimine and Related 
Complexes
1.2.1 Diimines
By far the most popular diimine-based ligand system containing sterically bulky N- 
groups is the P-diketiminato ligand A, where Ar = 2,6-diisopropylphenyl. This system 
has been given the moniker NacNac, as it is the nitrogen analogue of the well known acac 
ligand system B (Figure 1.1).
/'-Pi;
Figure 1.1: The NacNac ligand system A and the isoelectronic acac ligand B.
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The first NacNac aluminum compound was first reported in 1998 by Smith et a f ,  formed 
by the reaction o f NacNacH with AlMe3 to give the aluminum dimethyl species 
NacNacAlMea. In the same year, Jordan et al independently reported the synthesis of 
NacNacAlMea as well as the diethyl and di-z-butyl derivatives.5 Addition of B(C6Fs)3 or 
the appropriate borate salts gave the cationic aluminum species. The reversible addition 
o f ethylene to these cations is reported, with the ethane bridged species as the isolable 
addition product (Figure 1.2).
/ B(C6f 5)3
Me JMe Me^ ^/0
Ar\ N> k N / Ar B(C6F5)3 Ar\ N- Ak N^ Ar H2O C H 2
X k  A A
Figure 1.2: Reaction of NacNac aluminum species to give the ethylene bridged cation.
The reaction o f NacNacAlMe2 with [Ph3C][B(C6F5)] gave the pseudo-three coordinate 
aluminum cation, which in the solid state featured a stabilizing long distance interaction 
with a meta fluorine of the borate anion (Figure 1.3). In the same work, NacNacAlMea 
was reacted with B ^ F s b  to give the species [NacNacAlMe][MeB(C6F5)3] as mentioned 
above. Crystallographic characterization of the product gave the so-called “triple ion” 
composed of two [NacNacAlMe] cations and one [M e B ^ F s^ ] anion in close proximity 
to one another, as well as a free [MeB(C6Fs)3] anion (Figure 1.3). As determined by 'H 
NMR data, in the presence of CD2CI2 this species behaves as an ion pair, and in the 








Figure 1.3: Interactions o f [NacNacAlMe] cations with fluorinated borate anions in the 
solid state.
Since 2000, NacNac aluminum chemistry has flourished, primarily with the research of 
Roesky and coworkers. The discovery o f a monomeric A1(I) compound6 has lead to a 
profusion o f derivatives7' 13 via oxidative addition reactions (Figure 1.4). In addition, the 
synthesis o f stable unsubstituted terminal A1 hydroxides, 14' 18 hydrogen sulfide, 19’20 
hydrogen selenide,20,21 hydrogen telluride20 and amide22 have been reported. The 
terminal hydrogen sulfide species has found utility in the synthesis o f  heterobimetallic 
species via metathesis reactions o f NacNacAl(SLi)2 with metal halides (Figure 1.4) 23 In 
a similar vein, reaction o f NacNacAl(Me)(OH) with dimethyl zironacene or 
NacNacAl(Me)(OLi) with zirconacene dichloride gave the species 
NacNacAl(Me)OZr(R)Cp2 (R = Me, Cl, Figure 1.4) which has been found to be a 
ethylene polymerization precatalyst that requires lower MAO:catalyst ratios than
1 Rdimethyl zirconocene under similar conditions.
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Figure 1.4: Representative aluminum compounds stabilized by the NacNac framework.
Many o f the analogous gallium derivatives have been synthesized. The first NacNac 
compound of gallium was the monomeric Ga(I) species prepared from the reaction o f 
“Gal” with NacNacLi. This species lead to the isolation of a number o f Ga(III) species 
such as the dimeric gallium oxide and sulfide (NacNacGa)(p-R)2 (R = O, S, Figure 1.5).24 
Also noteworthy was the report o f a Ga-B donor-acceptor bond formed from the reaction 
o f NacNacGa with B(C6F5)3 (Figure 1.5).25 Finally, the same chemistry that allows for 
the isolation of the stable aluminum hydroxides and amides has been utilized to form the
0f\analogous gallium compounds.
B ( C 6 F 5 )3
B(C6F5)3
E = S, O
Figure 1.5: Reactions o f NacNacGa(I) to give a) dimeric oxide and sulfide species and b) 
a species incorporating a Ga-B donor acceptor bond.
Gallium cations are much less common than their corresponding aluminum analogues, 
with only one report of a monomeric diimine-based gallium cation in which the gallium
97center is stabilized by interactions with chlorobenzene (Figure 1.6). It should be noted
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that there is one case o f a two-coordinate gallium cation, [R2Ga]+ which is stabilized by 
terphenyl substituents (R = 2 ,6 -MesC6H3, Figure 1.6).28
/- Pr
l i  CIC6H5
\ /
Ga—Me






Figure 1.6: Examples o f a monomeric gallium cation and a two-coordinate gallium 
cation.
There is one literature example o f an aluminum complex of the 2,6-diimino pyridine 
system,29 a ligand that when complexed with FeCl2 or C0CI2 forms highly active ethylene 
polymerization catalysts upon activation with MAO.30'35 Reaction of the ligand with 
AlMe3 results in methyl transfer to the ligand backbone, providing a mono anionic ligand 
system (Figure 1.7). The aluminum cation is fonned upon reaction with B(C6Fs)3 and 






R = 2,4,6-Me3C6H2, R’ = H 
R = 2,6-/-Pr2C6H3, R' = H 
R — 2,6-/-Pr2C6H3, R = Me
Figure 1.7: 2,6-disubstituted-diimino pyridine based aluminum complexes.
Aluminum aminotroponiminate (Ati) complexes have been investigated by Jordan'27,36-38
and others.39,40 Reaction of AtiAlR2 (R = Et, Bz) with B ^ F s X  results in C6F5 transfer 
from the intermediate borate to the cationic aluminum center to yield AUAIRC6F5 (Figure
1.8) .38 The analogous reaction with AtiAlFh also allows for CeF5 transfer along with 
borane coordination to give dihydride bridged alane-borane complex AtiA^CeFsXp- 
H)2B(C6Fs)2 (Figure 1.8) .38 Alternatively, reaction o f AtiAlMe2 with [PlpCX B ^FsX ]
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gave the cationic methyl bridged dimer [(AtiAlMe)2(p-Me)] (Figure 1.8).38 With more 
bulky alkyl groups (R = Et, w-Pr, z-Bu), the monomeric aluminum cations are formed
(Figure 1.8).38
N H B(C6F5)2 B(C6F5)3 
R = H
B(C6F5)3 
R = Et, Bz
V A  ,vR'1Ph3C][B(C6F5)4]
r Al' R = Me





R", R"’ = H 
R" = H, R"’ = Me 
R", R"1 = Me
Figure 1.8: Aluminum aminotroponiminate complexes and their reactions with B(C6F5)3 
or [Ph3C][B(C6F5)4].
[B(C6F5)4]
Related to the diimine ligands mentioned above is the amidinate ligand system. It was 
the report o f transition metal-free ethylene polymerization catalysts based on cationic 
aluminum complexes of the amidinate ligand system that initiated much of the work 
discussed above for the NacNac and Ati ligand systems.41 However, there is debate as to 
the actual ability o f these or other aluminum-based systems to polymerize ethylene.42’44 
Aluminum amidinate complexes are easily formed either by reaction o f carbodiimide 
with an aluminum alkyl reagent45 or by deprotonation of the amidine ligand itself (Figure
1.9).46’51 Upon addition o f B(C6Fs)3 or [Ph3C][B(C6F5)4] the cationic species are formed. 
These are stabilized by either forming a bridged methyl species Al-Me-B with B(C6F5)3, 
by forming a mono cationic dimer or by interaction of the aluminum center with base.


















N Me tPh3C][B(C6F5)4] 
X Al











K  Me 
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Figure 1.9: Examples o f neutral and cationic aluminum amidinate complexes.
1.2.2 Bisphosphinimine Complexes
There are only two examples o f bisphosphinimine based ligands used for aluminum or
52gallium complexes (Figure 1.10), the first being reported simultaneously by our group 
and Cavell and coworkers.53 Reaction o f HC(PPh2NTMS)2Li with AlMe2Cl or 
H2C(PPh2NTMS)2 with AlMe3 gives the aluminum dimethyl complex in 68-79 % yields. 
The L-AlMe2 complex further reacts with a second equivalent o f AlMe3 to give the 
species [(AlMe2)2{ (i2-C(Ph2PN SiMe3)2-K4C, C ',N ,N } ] ,53 Alternatively,
HC(PPh2NTMS)2Li reacts with AICI3 or GaCl3 to give the corresponding dichloride 
species, which can then be alkylated with Grignard reagents.
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M = Ga, R = Me 
M = Ga, R = Bz
Figure 1.10: Aluminum and gallium complexes o f the N-TMS substituted
bisphosphinimine ligand system.
Most recently, the more sterically encumbered N-mesityl derivative, H2C(PPh2NMes)2, 
has been reported to form aluminum and gallium complexes through simple
deprotonation with AlMe3 or metathesis o f the lithium salt with the appropriate metal 
trichlorides (Figure 1.11) .54
Me. Me 
\  ?
Mes-. .Mes Mes. .AL .Mes
N N ...... N N
II II A I M e 3 „  || II
P h ^ - X p / ^ P h  P h ^ /P<x s^ >F\^ 'P h
Ph h 2 Ph Ph Ph
AlCIMe,
P Et2 ^  X
M es. / l i i -  ^M es Mes. .M~ .Mes M = AI, X = CI
N N N N m = Al X = Br
I  I I M = Xx = f
P h ^ / ' x ^ r\^ P h  P h ^ x ^ V ' P h  M = Ga, X = Cl
Ph Ph Ph7 Ph
Figure 1.11: Formation of more sterically encumbered bisphosphinimine complexes or 
aluminum and gallium.
1.2.3 Phosphinimine-Imine complexes
There are only two examples o f phosphinimine-imine aluminum complexes in the 
literature, published simultaneously by Piers and coworkers55 and our group56 (Chapter 
4). The ligand reported by Piers et al. consists o f a diaryl aniline group with an ortho 
phosphinimine substituent (Figure 1.12). Incorporation of the rigid ortho substituted aryl 
ring locks out the tautomerism possible with imine based systems of this type, forcing the
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ligand to exist as the aniline tautomer. Reaction with AlMe3 or alane gives the neutral 
dimethyl and dihydride species, respectively. Further reaction with [Ph3C][B(C6Fs)] or 
B(CeF5)3 gives the corresponding aluminum cationic species, which, in the case o f the 









[A] = MeB(C6F5)3 
or B(C6F5)4
Figure 1.12: Neutral and cationic phosphinimine-imine aluminum complexes.
1.3 Examples of Late Transition Metal Complexes that Utilize Sterically 
Bulky Nitrogen-Based Ligands
1.3.1 Ethylene Polymerization Catalysts
The use o f sterically bulky N-based ligands for late transition metal chemistry was 
unexplored in the literature until the report by Brookhart57 in which Group 10 complexes 
utilizing the a-diimine ligand with bulky 2,6-dialkyl substituted N-aryl groups were 
found to be highly active ethylene polymerization catalysts (Figure 1.13). Moreover, 
these catalysts were found useful in the polymerization of functionalized olefins, as the 
late transition metals are less oxophilic than their early metal counterparts (e.g. titanium, 
zirconium, chromium). With additional catalyst systems in mind, a wide variety o f N- 
containing ligands similar to the a-diimine were synthesized (Figure 1.13). Due to the 
high possibility that other catalyst systems could be more effective than the a-diimine 
derivatives, a wide range of systems have been synthesized. In a 2000 review by
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Brookhart,2 more than 30 ligand systems based on sterically bulky neutral N,N chelates
were described, only five years after the original report of the effectiveness o f the a-
diimine ligand system. In addition to the Group 10 systems mentioned above, the a-
diimine ligand has been shown to be an effective ligand system to support ethylene






















'N  R’ 
typically R = 2,6-disubstituted aryl group
Figure 1.13: Original a-diimine reported by Brookhart57 and some derivatives designed 
to mimic the a-diimine ligand backbone.
The simultaneous reports in 1998 by Gibson60 and Brookhart34 o f highly active iron and 
cobalt ethylene polymerization catalysts based on the 2 ,6 -diimino pyridine ligand 
initiated another synthetic spree of derivatives based on this parent ligand system (Figure 
1.14).





R' = alkyl group
E = N, O, Sgroup
Figure 1.14: Original 2,6-diimino pyridine ligand reported by Gibson60 and Brookhart34 
and some representative examples of derivatives designed to mimic the parent ligand 
system.
1.3.2 Late Transition Metal Derivatives of Sterically Bulky Neutral P-Diimine and 
Bisphosphinimine Ligands
1.3.2.1 P-Diimine Derivatives
Although there are a large number o f papers that focus on the chemistry o f Fe, Co, Ni, Cu 
and Zn with anionic NacNac-type ligands (See Section 1.3.3.1), there are few examples 
o f neutral derivatives (NacNacH). In one example, the nickel compound NacNacHNiBn 
was synthesized and was found to be a poor ethylene polymerization catalyst (Figure
1.15). 61 Zinc reduction of NacNacHNiBr2 in the presence o f (2-
methylallyloxy)tris(dimethylamino)phosphonium hexafluorophosphate yielded the
cationic nickel(II) allyl derivative [NacNacHNi(ri3-2-Me-allyl)][PF6] (Figure 1.15)
. . Br. .BrA p. Ar \  ^
N"" NiBr2(DME) Ar-^ ^Ar t2-Me-allyl-OP(NMe2)3][PF6]► jsj n
62
A r\  .Ni. .Ar 
N N
[PF6]
Figure 1.15: Neutral and cationic Ni(II) complexes based on the NacNacH ligand.
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1.3.2.2 Bisphosphinimine Derivatives
The bisphosphinimine complexes containing a neutral ligand, H2C((Ph)2P:=:N-Aryl)2MX2
(MXo = NiBr2, C0 CI2; Aryl = Ph, Mes, Ar), were reported by Bochmann et al. and found
to be ineffective at ethylene polymerization (Figure 1.16). Tomita et al.63 and our
group64,55 later reported, based on DFT calculations, that nickel complexes o f strongly
donating nitrogen-based chelates are less effective at ethylene polymerization, thus
explaining the decreased reactivity of bisphosphinimine nickel complexes with olefin.
x xA
N N . .v V N N R = Ar, MX2 = NiBr2
|| || MX2 || || R = Ar, MX2 = CoCI2
p t r T l \ / ' l \~^Ph R = Mes, Ar P h ^ / " \ / ^ \ ~ ^ P h  ^  = Mes, ^ X 2 = NiBr2 
Ph ph Ph Ph ^ = Mes, MX2 = CoCI2
Figure 1.16: Nickel and cobalt complexes o f neutral bisphosphinimine ligands.
1.3.3 Nickel and Palladium Derivatives o f Sterically Bulky Anionic P-Diimine, and 
Bisphosphinimine Ligands
1.3.3.1 P-Diimine Derivatives
There are a number o f examples of NacNac complexes o f nickel. Typically, these are 
synthesized by metathesis reactions o f NacNacLi with nickel halide compounds. For 
example, NacNacLi(THF) was reacted with NiCl2'nTFIF in toluene to give the nickel(II) 
chloride which in the solid state exists as the dimer (NacNacNi)2(p-Cl)2 and in solution 
(toluene-dg) exists as a 1:1 mixture o f dimer and monomer.66 When the same reaction 
was performed in a mixture of THF and diethyl ether, NacNacNi(p-Cl)2Li(THF)(OEt2) 
was isolated and found to be monomeric in the solid state. Both of these nickel(II) 
chloride species could be reacted with LiNTMS2 to give the monomeric nickel(II) amido 
compound, NacNacNiNTMS2 (Figure 1.17).
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Figure 1.17: Monomeric and dimeric NacNac nickel chloride derivatives and the 
monomeric nickel amido complex.
The reaction of trans-[(Ph3P)2Ni(Ph)Cl] with NacNacLi, produces the nickel(I) species, 
stabilized by coordinated PPI13 (Figure 1.18).
Figure 1.18: Triphenyl phosphine stabilized nickel(I) species.
Nickel complexes o f a less sterically demanding analogue of NacNac, where the aryl 
groups are 2 ,6 -dimethylphenyl, are similar to their more sterically demanding 
counterparts (Figure 1.19). The nickel alkyl complexes are synthesized from the in situ 
generated nickel chloride complex, which is then reacted with an alkyl Grignard reagent 
to yield the square planar nickel alkyl in which the fourth coordination site is occupied by 
2,4-lutidine. Addition o f Et2<>BF3 removes the coordinated base, resulting in
compounds that feature (3-H agostic interaction o f the alkyl groups (Et, n-Pr) which have
68been shown to provide insights to the propylene polymerization mechanism. Further 
chemistry o f this system involves reduction o f the L-NiEt(2,4-lutidine) compound with 
H2 to give the nickel(I) species L-Ni(2,4-lutidine), which can then react with nitric oxide 
to give the nitrosyl compound L-NiNO.69
PPh3
Ar 1. n-BuLi 
N IT" 2. trans-[(Ph3P)2Ni(Ph)CI] Ar
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R' = Me, Et, n-Pr
R'\ 2,4-lutidine\  /
1. NiCI2(2,4-lutidine)2 Et20-BF3




Figure 1.19: Nickel complexes of the less sterically demanding 2,6-dimethylphenyl 
analogue o f NacNac.
The extremely bulky NacNac derivative in which the methyl groups in the backbone have 
been replaced with t-Bu groups (NacNac,_bu) provides access to other nickel species that 
differ from the products seen with NacNac. Reaction of NacNac,.BULi with NiC^'nTHF 
gives the monomeric nickel(II) species NacNac,_BUNiCl, in contrast to the analogous 
NacNac version.66 Reaction with an alkyl lithium species does not give the expected 
nickel alkyl, but rather results in reduction to yield the THF coordinated nickel(I) species 
NacNac,.BuNi(THF) (Figure 1.20).70
NiCI2-nTHF
Figure 1.20: Nickel (II) and nickel(I) species formed using the extremely sterically bulky 
NacNac,.bu ligand.
One example o f a NacNac palladium compound was synthesized by reacting NacNacH 
with tetrakis(acetonitrile)palladium tetrafluoroborate. This species features two square 
planar palladium centers, one of which is chelated to the imine nitrogens o f the NacNac 
ligand and the second bonded to the a-carbon of the ligand (Figure 1.21).











Figure 1.21: Palladium complex o f the anionic NacNac ligand.
1.3.3.2 Bisphosphinimines
The monoanionic bisphosphinimine HC((Ph)2P=N-R)2Li (R = Mes, Ar) reacts with 
NiBr2(DME) to give the square planar nickel complex with two phosphinimine nitrogen 
atoms, Br and the a-carbon atom filling the coordination sphere, indicating a localization 
of charge at the a-carbon (Figure 1.22). This is in contrast to the NacNac-based systems 
where the delocalization can occur through the N-C-C-C-N ligand backbone.
^ R  1.n-BuLi 




P h - '/P\ / ,V 'P h  R = Mes, Ar P h ^ /P'
Ph7 Ph p h Ph
P\^-Ph
Figure 1.22: Nickel(II) chloride complex of the sterically encumbered anionic 
bisphosphinimine ligand.
Although there are no palladium compounds of anionic bisphosphinimine ligands with 
bulky N-Aryl groups, there are examples with less sterically demanding groups (Figure 
1.23).71 Rather than forming the expected six-membered chelate, these systems form 
four-membered Pd-C-P-N chelates featuring one coordinated phosphinimine fragment 






Ph-^P' \ ^ ' F\^'Ph 
Ph Ph
k w ^ i. .  R/ dy PPh2
Ph,P<
N
PR3 = PMe2Ph, R = 4-MeC6H4
R
Figure 1.23: Palladium complexes o f the anionic diphosphinimine ligand.
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1.4 Transition Metal-Catalyzed Dehydrocoupling of Phosphines
Dehydrocoupling reactions result in the formation of an element-element bond with loss 
of H2. More specifically, phosphine dehydrocoupling reactions occur where there is 
formation of a P-P bond with a coconaminant loss of H2 (e.g. 2 R2PH —> R2P-PR2 + H2). 
Catalytic dehydrocoupling o f phosphines with boranes has been a focus o f  the Manners 
group for several years.72'78 Rhodium catalyzed dehydrocoupling of phosphino-borane 
adducts of primary phosphines (RPFL’BFT) yields a variety o f linear and cyclic 
oligomers; the analogous reactions with secondary phosphines (R2PH B H 3) generates 
polymeric material with molecular weights in excess o f 30000 (Mw). In a similar vein, 
Harrod and coworkers have shown that dimethyl titanocene is capable o f room 
temperature dehydrocouping of primary and secondary phosphines with primary or
70  Sflsecondary silanes to form P-Si bonds. ’
The first report o f catalytic dehydrocoupling o f phosphines to form P-P bonds was 
reported by our group using the decamethyl zirconocene trihydride anion [Cp*2ZrH3][A] 
(A = Li, K, Figure 1.24). Primary phosphines such as PhPH2, CyPfL and MesPH2 
undergo dehydrocoupling to give the cyclic polyphosphines R 5 P 5  over 3 days at 120°C in 
dioxane.81 Similarly, the secondary phosphine Ph2PH was catalytically dehydrocoupled 
at 90°C to give the diphosphine (Ph2P)2 and Ph(H)PCH2CH2CH2P(H)Ph is also 
dehydrocoupled at room temperature to give the cyclic product 1,2-Ph2-1,2-
R7diphospholane. “ Attempts to dehydrocouple the extremely sterically bulky phosphine 
Mes*PH2 with the zirconacene trihydride anion result in P-C bond cleavage and 
formation o f the compounds (Cp*2Zr)2(p-P2) and (Cp*2Zr)2(p-P).82,83









Figure 1.24: Products from catalytic dehydrocoupling reactions using the zirconium 
trihydride catalyst.
The catalytic cycle o f the zirconium trihydride with primary phosphines has been 
partially examined.81 Addition o f one equivalent o f RPH2 (R = Cy, Ph, Mes) gives the 
highly reactive phosphinidine intermediate, [Cp*2Zr(H)PR]\ based on the comparison of 
31P NMR data with the known zirconium hydride phosphinidine complex [Cp*2Zr(H)P- 
Mes*][K(THF)2].84 Addition o f a second and a third equivalents o f RPH2 gives the 
isolable [Cp*2Zr(H)(PR)2]' (R = Cy, Ph, Mes) and [Cp*2Zr(H)(PR)3]' (R = Ph), 
respectively (Figure 1.25). No other intermediates could be detected, as upon addition of 
further amounts o f RPH2 no reaction was detected at 25°C, and upon heating P 5 R 5  is 
generated.
'c p * x  H ' 
Zr— H 
CP H
r p h 2 C P \ / H
Zr
Cp p _ R
r p h 2
C P V H . RZr— p '
c P*x  V
I1
R
P 5 R 5
u -  s  RPH?





Figure 1.25: Proposed and isolated intermediates in the dehydrocoupling o f primary 
phosphines.
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When 1,2-bisphosphinoethane is stirred in the presence o f [Cp*2ZrH3] \  the dimeric 
product featuring a zig-zaging chain of four phosphorus atoms is isolated in quantitative 
yields (Figure 1.26).85 When 1,2 -(PH2)2C6H4 is catalytically dehydrocoupled with 
[Cp*2ZrH3]", the P J6 macrocycle is isolated (Figure 1.26).86 This species consists of four 
P-P bonded P4 units, each structurally analogous to the dehydrocoupled 1,2- 
bisphosphinoethane dimer mentioned above.
Figure 1.26: Dehydrocoupling products o f the bis-primary phosphine 1,2-
bisphosphinobenzene.
The titanium compound [rac-(EBTHI)Ti(p-H)]2 (EBTHI = ethylene-l,2-bis(r|5-4,5,6,7- 
tetrahydro-l-indenyl)) was found to dehydrocouple PhPFB, forming rac- and meso- 
Ph(H)P-P(H)Ph and a small amount of other oligomers.87 However, precipitation of the 
side product rac-(EBTHI)Ti(PPh)2 causes the catalytic cycle to cease over time. The 
rhodium compound Cp*Rh(H2C=C(H)TMS)2 was found to efficiently dehydrocouple a 
variety o f secondary aryl and alkyl phosphines.88 In the case of Ph2PH, addition of olefin 
(H2C=:C(H)TMS or H2C=C(H)/-Bu) accelerates the dehydrocoupling reaction by acting 
as a hydrogen acceptor, thus allowing shorter reaction times and lower reaction 
temperatures. However, the dehydrocoupling o f primary phosphines is less effective.
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Phenyl phosphine was found to form only rac- and meso-Ph(H)P-P(H)Ph in low yields, 
even with addition o f an olefin as a hydrogen acceptor.88 In the case o f Mes*PH2, 
catalytic P-H and C-H bond activation with concomitant intramolecular P-C bond 
formation occurs to form 3 ,3 ’-Me2-6 ,8-di-f-Bu-phosphaindoline (Figure 1.27). Similar 




















TMS y ^ T M S
Figure 1.27: Catalytic P-H and C-H bond activation with intramolecular P-C bond 
formation to give a phosphaindoline.
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Chapter 2
Synthesis and Characterization of Sterically Bulky Diimine, 
Phosphinimine-imine and Phosphine Oxide-Imine Ligands and
Lithium salts
2.1 Introduction
A multitude of sterically bulky nitrogen-based ligand systems have been 
developed for use in a variety o f areas including catalysts for olefin polymerization based 
on late metal complexes and in the kinetic and thermodynamic stabilization o f highly 
reactive intermediates. More popular neutral diimine-based systems used in late metal 
olefin polymerization include the a-diimine Ar-N=C(R)-C(R)=N-Ar, patented and 
extensively investigated by Brookhart and co-workers2,57,90' 114 and pyridyl-based systems 
with imine functionalities in the 2,6-positions as utilized by Gibson and co-workers 
(Figure 2 .1).29'33,160,115-132 In the development o f these systems, it has been found that 
bulky N-Ar groups such as mesityl and 2,6-diisopropylphenyl are essential to the 
catalytic process. The highly popular anionic NacNac ligand (Figure 2.1), which uses the 
bulky 2 ,6 -diisopropylphenyl substituent, and variants thereof, have been key in isolating 
many new, previously unobtainable compounds. Its popularity can be noted in the 
number scientific papers published. Between 1997 and February 2005, there have been
I ^
170 articles published based on this system alone.
Ar— N N— Ar
Figure 2.1: Bulky diimine-based ligand systems
Selected examples o f research involving the NacNac system include the following. 
Roesky et al have used the NacNac ligand to isolate the first monomeric aluminum
14̂ 7 IQ 91 99dihydroxide, ’ “ disulphide, diselenide and diamide compounds as well as a number 
o f other analogues o f methylaluminoxane (MAO). The Mindiola group has been
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successful in isolating the first titanium134,135 and vanadium136 phosphinidenes utilizing 
the NacNac system, and the Piers group has extensively examined the chemistry of 
scandium with this ligand. 137' 143 In efforts to synthesize new nitrogen-based ligand 
systems, three new ligand sets have been developed that utilize the 2 ,6 -diisopropylphenyl 
group (Figure 2.2). The first is a NacNac analogue in which one o f the imine groups has 
been replaced with a phosphinimine functionality, yielding an asymmetrical ligand that 
can act either as a neutral or monoanionic chelate. This system has the potential to form 
both a four-membered ring which can chelate to the metal through either the imine or 
phosphinimine nitrogen and the a-carbon, or as a six-membered ring by coordinating 
through both the imine and phosphinimine nitrogen atoms (Figure 2.2). The second is 
similar in appearance to the phosphinimine-imine ligand mentioned above, however, the 
phosphinimine has been replaced with a phosphine oxide fragment. The third is based on 
the N-imidoyl amidine framework, where all three nitrogen centers contain a bulky Ar 
group (Ar = 2,6-diisopropylphenyl). The symmetrical N-imidoyl amidine ligand system 
has the potential to form a six-membered chelate complex through the two imine 
nitrogens, or a four membered chelate complex through one imine nitrogen and the 
central amine nitrogen.
Ar




All preparations were done under an atmosphere o f dry, Cb-ffee N2 employing either 
Schlenk line techniques or a Vacuum Atmospheres glove box. Hexanes, toluene, 
pentane, CH2CI2, Et2 0  were purified employing a Grubbs’ type solvent purification 
system manufactured by Innovative Technology. When necessary, deuterated solvents 
were dried over Na/benzophenone (CeD6, THF-dg) or P2O5 (CD2CI2). *H, 31P{1H} and
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NMR spectra were recorded on a Bruker Avance-300 and 500 spectrometers. 
All spectra were recorded in C6D6 at 25°C unless otherwise noted. Trace amounts of 
protonated solvent were used as internal references for lH NMR spectra. The deuterated 
solvent was used as an internal reference for 13C{'H} NMR spectra. The chemical shifts 
for both 'H and ^C l'H }  NMR specrta are reported relative to tetramethylsilane. 31P{lH} 
NMR spectra were referenced to external 85% H 3 P O 4 .  Coupling constants are reported 
as absolute values. Combustion analyses were done in house employing a PerkinElmer 
CHN Analyzer. 2,6-Diisopropylaniline, anhydrous acetone,
tetramethylethylenediamine (TMEDA), n-BuLi (1.6 M in hexanes), 30% H2O2 and 
PCI5 were purchased from the Aldrich Chemical Company and used as received. 
CIPPI12 was purchased from Strem Chemicals Inc. and used as received. EtjN was 
purchased from Fluka and dried over CaLL before distillation. MgSCL was purchased 
from ACP Chemicals Inc. Uninhibited THF was purchased from EMD and distilled from 
sodium/benzophenone. Hyflo Super Cel® (celite) was purchased from Aldrich Chemical 
Company and dried for 24 hours in a vacuum oven at 150°C prior to use. Molecular 
sieves (4 A) were purchased from Aldrich Chemical Company and dried at 140 °C under 
vacuum using a rotary vacuum pump. ArN3 was prepared according to the methods used 
in our laboratory.65 The compounds (C6H3/-Pr2)NC(Me)N(HXC6H3Z-Pr2) and C6H3/- 
Pr2)NC(p-MeC6H4)Cl were prepared according to literature procedures.144 Yang Xia is 
thanked for assistance in the preparation o f /-Pr2C6H3NC(0 )Me 2.7 and /- 
Pr2C6H3NC(Me)Cl 2.8.
2.2.2 Synthesis of Phosphinimine-imine and Phosphine Oxide-Imine and Their 
Precursors
Synthesis of (C6H3i-Pr2)NCMe2 2.1
To a flask containing 100 mL toluene, 20.0 g (0.113 mol) (C6H3Z-Pr2)NH2, 65.5 mL 
(0.892 mol) acetone was added 100 mL molecular sieves. The mixture was brought to 
reflux for 6 days, after which heating was stopped and the solution was allowed to cool. 
The molecular sieves were filtered off and washed with 2 x 50 mL hexanes. A brown oil 
remained after removal o f solvent in vacuo. Distillation (98-103°C, 0.5 mm Hg) offered 
21.48 g (0.0988 mol) of a faint yellow colored oil. Yield: 88%. 'H NMR (CDC13) 8 :
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7.02-7.13 (m, 3H, m, p -Ar), 2.77 (sept, 2H, 3J H-h  = 7 Hz, Cff(CH3)2), 2.26 (3H, s, cis- 
CH3), 1.69 (3H, s, trans-CH3), 1.16 (d, 6H, V h  = 7 Hz, CH(C/73)2), 1. (d, 6H, 3JH-h = 7 
Hz, CH(C//3)2). 13C NMR (CDC13) 5: 168.9 (s, N=C), 146.3 (s, ipso-Ph), 136.8 (s, o-Ph),
123.5 (s,/>-Ph), 123.1 (s, m-Ph), 28.1 (s, CH(CH3)2), 27.9 (s, Me), 23.6 (s, Me), 23.3 (s, 
Me), 21.7 (s, Me).
Synthesis of (C6H3i-Pr2)NC(Me)CH2PPh2 2.2
A solution of 250 mL pentane, 2.1 (10.00 g, 46.0 mmol) and TMEDA (7.6 mL, 5.85 g, 
50.4 mmol) was cooled to -78°C. To this solution was added n-BuLi (20.25 mL of 2.5 M 
solution (hexanes), 50.6 mmol). The solution immediately turned yellow and a white 
precipitate formed. The mixture was allowed to warm to 25°C and stirred for 2 h, 
whereupon the flask was cooled again to -78°C and ClPPh2 (10.10 g, 46.0 mmol) was 
added dropwise and the solution was allowed to slowly warm to room temperature. After 
refluxing overnight, the solution containing an off-white precipitate (LiCl) was filtered 
through celite, and the solids washed 2 x 20 mL pentane. Upon removal o f pentane in 
vacuo, an off-white solid remained. Dissolving the solids in a minimum of boiling EtOH 
and cooling to 25°C gave 7.60 g o f colorless crystals. Multiple crops offered an additional 
6.35 g o f material. Yield: 76%. X-ray quality crystals were obtained by a second 
recrystallization from EtOH. ’H NMR (CDC13, major isomer) 8 : 7.55-7.61 (m, 4H, o- 
PPh2), 7.35-7.41 (m, 6H, m ,p -PPh2), 7.01-7.07 (m, 3H, m ,p-Ar), 3.43 (d, 2H, PCH2, 2JP- 
H = 2 Hz), 2.49 (sept, 2H, 3JH-h = 7 Hz, 0 /(C H 3)2), 1.77 (s, 3H, Me), 1. (d, 6H, 3JH-h = 7 
Hz, CH(Ci/3)2), 0.99 (d, 6H, 3JH-h = 7 Hz, C H (073)2). 13C{'H} NMR (CDC13, major 
isomer) 8 : 168.5 (s, N =Q , 146.2 (s, ipso-Ar), 138.4 (d, 'jp-c = 14 Hz, zp5o-PPh2,), 136.7 
(s, o-Ar), 133.1 (d, 2JP.C = 19 Hz, o-PPh2), 129.1 (s, p-??h2), 128.7 (d, 3JP.C = 7 Hz, m- 
PPh2,), 123.5 (s ,p-Ar), 123.0 (s, m-Ar), 42.8 (d, ‘j P.c = 16 Hz, PCH2), 28.0 (s, CH), 23.6 
(s, Me), 23.4 (s, Me), 21.6 (d, 3JP.C = 7 Hz, PCH2CCH3). 31P{‘H} NMR (CDC13) 8 : -18.0 
(95%, major isomer), -17.5 (5%, minor isomer). Anal. Calc, for C27H32NP: C, 80.76; H, 
8.03; N, 3.49. Found: C, 80.43; H, 8.27; N, 3.16.
Synthesis of (C6H3i-Pr2)NC(Me)CH2PPh2(0 ) 2.3
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To a solution of (1.90 g, 4.88 mmol) 2.2 in 30 mL toluene was added 10 mL o f 30% 
PI20 2. The mixture was stirred for 3 hours, the organic phase decanted, dried with 
MgSCL and filtered. Removal o f solvent gave 1.88 g (4.64 mmol) of colorless material. 
Yield: 95%. X-ray quality crystals were grown from a saturated toluene solution layered 
with pentane. Major isomer, imine, 84%: 'H  NMR 8 : 7.92-8.00 (m, 4H, o-PPh2), 7.13- 
7.26 (m, 9H, m, p -Ar, m, p-PPh2), 3.36 (d, 2H, 2JP.H = 14.1 Hz, PCH2), 2.64 (sept, 2H, 
3JH-h = 7 Hz, CH(CH3)2), 2.02 (d, 3H, 4J P.H = 2 Hz, PCH2CCH3)), 1.16 (d, 6H, 3JH-h = 7 
Hz, CH(C//3)2), 1.11 (d, 6H ,3JH-h = 7 Hz, CH(CH3)2). i3C{‘H} NMR 5: 165.5 (d, 2J C-p -  
9 Hz, N = Q , 146.8 (ipso-Ar), 136.9 (o-Ar), 135.0 (d, 'JC-p = 99 Hz, ipso-PPh2), 131.9 (p- 
PPh2), 131.5 (d, 2JC-P = 9 Hz, o-PPh2), 129.0 (d, 3JC-p = 11 Hz, m-PPh2), 124.4 (p-Ar), 
123.7 (m-Ar), 44.3 (d, 'Jc-p = 62 Hz, PCH), 28.5 (z-Pr), 24.1 (/-Pr), 23.7 (/-Pr), 23.1 
(CH3). j 1P{’H} NMR 8 : 25.9. Minor isomer, enamine, 16%: *H NMR (selected peaks) 
5: 9.99 (s, 1H, N -H), 4.39 (d, 1H, 2J P.H = 22.4 Hz, PCH), 3.46 (sept, 2H, 3JH-h = 7 Hz, 
CH(CH3)2), 1.66 (s, 3H, CH3), 1.22 (d, 12H, 3JH-h = 7 Hz, CH(C//3)2). 31P{‘H} NMR 5: 
28.7. Anal. Calc, for C27H32NPO: C, 77.67; H, 7.73; N, 3.35. Found: C, 77.21; H, 7.71; 
N, 3.17.
Synthesis of (C6H3/-Pr2)NC(Me)CH2PPh2(NC6H3/-Pr2) 2.4
To a solution of 2.2 (6.83 g, 17.5 mmol) in 125 mL CH2C12 was added (C6H3/-Pr2)N3 
(5.10 g, 25 mmol). N2(g) evolution commenced immediately and the mixture was refluxed 
for 3 h. Removal o f CH2C12 under vacuum left a viscous brown oil. The oil was dissolved 
in 300 mL of boiling MeOH, filtered through celite and cooled overnight. Filtration of 
solids and washing with 2 x 5 0  mL cold pentane gave 6.60 g of white powder. Additional 
crops gave an extra 0.54 g o f material. Yield o f 3‘MeOH: 70%. Analytical crystals were 
grown from a hot MeOH solution slowly cooled to 25°C. Single crystals o f 2.4 were 
grown over several weeks by the slow evaporation of a toluene solution. 'H NMR (major 
isomer, imine) 8 : 7.71-7.75 (m, 10H, PPh2), 6.99-7.18 (m, 6H, m ,p-Ar), 3.73 (d, 2H, 2JP.H 
= 14.1 Hz, PCH2)), 3.67 (sept, 2H, 3JH-h = 7 Hz, CH(CH3)2), 2.57 (sept, 2H, 3JH-h = 7 Hz, 
C//(CH3)2), 1.62 (s, 3H, Me), 1.17 (d, 12H, 3JH-h = 7 Hz, CH(CH3)2), 1.06 (d, 6H, 3JH-h = 
7 Hz, CH(C/73)2), 1.05 (d, 6H, 3JH.H = 7 Hz, CH(C//3)2). ‘̂ { 'H }  NMR (CD2C12, major 
isomer) 8 : 165.3 (d, |2Jp-c| = 6 Hz, NC), 146.1 (imine ipso-Ar), 144.2 (ipso-Ar), 142.5 (d,
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3Jp_c = 8 Hz, o-Ar), 136.4 (o-Ar), 133.8 (d, Vc = 98 Hz, /pso-PPh2), 131.8 (p-PPh2),
131.6 (o-PPh2), 128.9 (d, Vc -  12 Hz, m-PPh2), 124.1 (p-Ar), 123.2 (wi-Ar), 123.0 (m- 
Ar), 119.2 (p-Ar), 45.7 (d, ‘j P.c = 65 Hz, CH2), 29.0, 28.0, 24.0, 23.8, 23.3, 22.6. 
31P{1H} NMR 8 : -13.2 (73%, major isomer, imine), 3.6 (27%, minor isomer, enamine) 
Anal. Calc, for C4oH53N2PO: C, 78.91; H, 8.77; N, 4.60. Found: C, 78.76; H, 9.12; N, 
4.59.
Synthesis of [Li(THF)][(C6H 3i-Pr2)NC(M e)CHPPh2(NC6H 3£-Pr2)] 2.5
To a solution o f 302 mg (0.524 mmol) 2.4 in 5 mL THF was added 0.231 mL (0.576 
mmol) o f 2.5 M «-BuLi in hexanes. The solution immediately turned orange-yellow in 
color and was allowed to stir for 2 h, after which the solvent was removed under vacuum. 
The yellow solid was then dissolved in approximately 15 mL hot pentane and filtered 
through a pad o f celite to remove any insoluble material. The clear yellow solution was 
then stored at 25°C, giving 261 mg of large yellow blocks. Yield: 77%. 'H NMR 5: 7.92- 
8.00 (m, 4H, o-PPh2), 7.01-7.23 (m, 12H, m ,p -PPh2, m, p-Ar), 3.96 (sept, 2H, 3Jh-h = 7 
Hz, CH(CH3)2), 3.96 (d, 1H, 2JP.H -  27 Hz, PCH), 3.29 (sept, 2H, V h  = 7 Hz, 
C//(CH3)2), 2.94-2.98 (m, 4H, THF), 1.89 (d, 3H, V h  = 2 Hz, Me) 1.33 (d, 6H, 3JH-h = 7 
Hz, CH(CH3h), 1-28 (d, 12H, V h  = 7 Hz, CH(CH3)2), 1.13 (d, 6H, V h  = 7 Hz, 
CH(CN3)2), 1.01-1.06 (m, 4H, THF). ^C l'H } NMR 8 : 169.5 (N=C), 150.2, 146.8 (d, 
9Hz), 145.0 (d, 7Hz), 142.9, 136.8 (d, Vc = 94 Hz, zpso-PPh2), 132.6 (d, 7 Hz), 130.1, 
127.7-128.3 (m, obscured by C6D6), 123.3, 123.1, 122.8, 121.3 (d, 4Hz), 68.1, 65.8 (d, 
Vc = 29 Hz, PCH), 28.8, 27.7, 25.0, 24.9, 24.4, 23.9 (d, Vc = 18 Hz, Me). 31P{‘H} 
NMR 8 : 11.5. Anal. Calc, for C43H56N2OPLi: C, 78.87; H, 8.62; N, 4.28. Found: C, 
78.63; H, 8.69; N, 4.30.
Synthesis of ((£-Pr2C 6H 3N)C(M e)CHPPh2(NC6H 3£-Pr2)Li)2 2.6
To a solution o f 257 mg (0.446 mmol) 2.4 in 10 mL pentane was slowly added 0.292 mL 
(0.468 mmol) o f 1.6 M n-BuLi in hexanes. After 2 hours, it was observed that a white 
solid had precipitated. The solvent was decanted and the solid washed 3 x 10 mL 
pentane. Removal o f solvent in vacuo gave 167 mg of a white powder. Yield: 64%. 
Single crystals were grown from a toluene solution. 'H NMR 8 : 7.69-7.75 (m, 4H, o-
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PPh2), 7.01-7.16 (m, 12H, m ,p -PPh2, m ,p -Ar), 3.77 (d, 1H, 2JP-h = 27 Hz, PCH), 3.54 
(sept, 2H, 3JH-h = 7 Hz, C//(CH3)2), 2.75 (sept, 2H, V -h  = 7 Hz, Ci/(CH3)2), 1.68 (s, 3H, 
Me), 1.19 (d, 12H, 3JH-h = 7 Hz, CH(C/73)2), 1.16 (d, 6H, V h  = 7 Hz, CH(CH3)2), 1.01 
(d, 6H, V -h  = 7 Hz, CH(C//3)2). 13C{‘H} NMR 8 : 170.7 (N=C), 150.3, 146.6, (d, 8Hz),
145.1 (d, 7Hz), 143.3, 136.5, 135.2, 133.5 (d, 9Hz), 130.9, 127.7-128.3 (m, obscured by 
C6D6), 123.7, 121.9, 68.4 (d, V-c = 124 Hz), 29.3, 28.0, 25.4, 25.0, 24.3, 24.0. 31P{‘H} 
NMR 8 : 13.8. Anal. Calc, for CvgHge^P^i: C, 80.38; H, 8.30; N, 4.81. Found: C: 80.53;
H, 8.59; N, 4.87.
2.2.3 Synthesis of N-Imidoyl Amidine and its Precursors 
Synthesis of/-Pr2C6H3NC(0)M e 2.7
This was prepared from z-Pr2C6H3NH2, CH3C(0)C1 and Et3N via a modified literature 
method. 144 Single crystals were grown from an evaporating solution of 2.7 in CH2C12.
Synthesis of z-Pr2C6H3NC(Me)Cl 2.8
This w as prepared from  z'-Pr2C6H3N H C (0 )M e 2.7 and PCls via a m odified  literature 
m ethod144w hich  involved  purification o f  2.8 by distillation (80-85 °C, 0.5 m m  Hg) to g ive  
a y e llo w  oil. N M R  data have not been  previously reported. !H  N M R  8 : 7.08-7.22 (m ,
3H, m,p-Ar), 2.97 (sept, 2H, V h  = 7 Hz, Ctf(CH3)2), 2.17 (3H, Me), 1.18-1.28 (br m, 
12H, z-Pr). 13C{‘H} NMR 8 : 144.1, 143.1, 137.4, 125.8, 123.9, 29.3, 29.2, 23.8.
Synthesis of z'-Pr2C6H3N(C(Me)NC6H3i-Pr2)2 2.9
To a solution o f z'-Pr2C6H3NH2 (2.30 g, 13.0 mmol) and 2.63 g o f NEt3 (25.9 mmol) in 
100 mL of toluene was added 6.17 g o f 2.8 (25.9 mmol), whereupon a white precipitate 
formed. The mixture was refluxed for 2.5 h and allowed to cool. The material was then 
washed with H20  (5 x 100 mL), the organic layer was dried with MgSCL and filtered, and 
the solvent removed under vacuum to give a white solid. Recrystallization from ethanol 
gave 5.23 g o f colorless crystals. Yield: 70%. *H NMR 8 : 7.18-7.29 (m, 9H, m,p-Ax), 
3.60 (sept, 2H, 3JH-h = 7 Hz, C/7(CH3)2), 3.19 (sept, 4H, V h  = 7 Hz, Ctf(CH3)2), 2.05 
(6H, Me), 1.37 (d, 12H, V - H = 7 Hz, CH(Ctf3)2), 1.36 (d, 12H, V -h  = 7 Hz, CH(C/73)2),
I.21 (d, 12H, V h  = 7 Hz, CH(C773)2). '^ { 'H }  NMR (THF-dg) 8 : 158.6 148.7,145.7,
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139.1, 137.8, 129.6, 125.0, 123.8, 123.5, 30.1, 28.8, 25.0, 24.1, 23.0, 19.9. Anal. Calc, for 
C40H57N3: C, 82.85; H, 9.91; N, 7.25. Found: C, 82.71; H, 9.65; N, 7.12.
2.2.4 X-ray Data Collection, Reduction, Solution and Refinement
Single crystals were mounted in thin-walled capillaries under an atmosphere o f dry N2 in 
a glove box and flame sealed. The data were collected using the SMART software 
package145 on a Siemens SMART System CCD diffractometer using a graphite 
monochromator with M oKa radiation (A, = 0.71073 A). A hemisphere o f data was 
collected in 1448 frames with 10 second exposure times. Data reductions were 
performed using the SAINT software package146 and absorption corrections were applied 
using SADABS.147 The structures were solved by direct methods using XS and refined 
by full-matrix least-squares on F2 using XL as implemented in the SHELXTL suite of 
programs. 148 All non-H atoms were refined anisotropically. Carbon-bound hydrogen 
atoms were placed in calculated positions using an appropriate riding model and coupled 
isotropic temperature factors. Nitrogen, phosphorus, aluminum and nickel-bound 
hydrogen atoms were located in the electron difference map and their positions refined 
isotropically.
Single crystal X-ray structures were obtained for compounds 2.2-2.6, 2.8 and 2.9. 
Selected crystallographic data are included in Table 2.1. ORTEPs and selected bond 
lengths and angles are provided in Figures 2.4, 2.6, 2.9, 2.11, 2.12, 2.15 and 2.16.
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Table 2.1: Selected Crystallographic Data for Compounds 2.2-2.6, 2.8 and 2.9.
2.2 2.3 2.4 2.5
Formula C54H64N2P 2 C39H49NP C27H32NOP C43H55LiN2OP
Formula weight 803.01 576.77 417.51 653.80
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c P2,/n
a(A) 21.35(1) 27.10(2) 8.751(5) 10.687(7)
b(A) 17.59(1) 9.163(6) 26.00(1) 19.41(1)
c(A) 13.052(7) 19.49(1) 11.623(6) 19.76(1)
PO 98.32(1) 133.63(1) 111.545(9)°. 98.36(1)
V (A3) 4850(5) 3503(4) 2460(2) 4054(4)
z 4 4 4 4
d(calc) g cm' 1 1.100 1.094 1.127 1.071
Abs coeff, p., cm' 1 0.125 0.106 0.129 0.100
Data collected 20418 14322 10433 17063
Data F02>3g(F02) 4287 5059 3519 5785
Variables 523 379 276 433
R 0.0390 0.0533 0.0406 0.0498
Rw 0.0925 0.0839 0.0991 0.1085
GOF 0.905 0.882 1.011 1.012
2.6 2.8 2.9
Formula C85.5oH96Li2N4P2 c 14h 21n o C40H57N3
Formula weight 1255.48 219.32 579.89
Crystal system Monoclinic Orthorhombic Monoclinic
Space group P2,/c Pca2i P2i/n
a(A) 15.672(9) 17.764(1) 12.553(7)
b(A) 23.64(1) 8.4709(6) 16.399(9)
c(A) 22.73(1) 9.3289(7) 19.07(1)
PO 91.30(1) 104.31(1)
v  (A3) 8416(9) 1403.8(2) 3804(4)
z 4 4 4
d(caic) g cm' 1 0.991 1.038 1.013
Abs coeff, p, cm' 1 0.092 0.064 0.058
Data collected 35565 6344 16070
Data F02>3a(F02) 11955 1934 5424
Variables 822 154 388
R 0.0484 0.0524 0.0472
Rw 0.1012 0.1421 0.1085
GOF 0.653 1.044 0.769
All data collected at 24°C with Mo Ka radiation (k = 0.71073 A),
R = £||F0|-|FC|| / E|F0|, Rw = [Z[cpF02-Fc2)2] / S[coF02)2]]0 5
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2.3 Results and Discussion
2.3.1 Phosphinimine-imine Ligand, Phosphine-Oxide ligand, precursors and Li salts
The imine (/-Pr2C6H3)N=CMe2 2.1 was prepared in 88% yield from the 
condensation o f the aniline with acetone over six days. Purification by vacuum 
distillation gave a yellow colored oil. This product was reacted with n-BuLi in the 
presence o f TMEDA at -78°C and subsequently reacted with ClPPh2 to give the tertiary 
phosphine (C6H3/-Pr2)NC(Me)CH2PPh2 2.2 (Figure 2.3). A similar strategy has been 
reported for related phosphine-imines.149
to signals at -18.0 and -17.5 in a 95:5 ratio. These were attributed to the tautomerism of 
the imine (Figure 2.4). The major isomer was attributed to the imine form based on the 
]H and NMR data. X-ray data (Figure 2.5) revealed that the imine tautomer was
also favored in the solid state. The N(l)-C(14) length is 1.276(3) A, typical o f a N=C 
double bond, the C(13)-C(14) length is typical o f a single bond (1.515(3) A), while the 






NA Et20 , -78°C A .
2.2
Figure 2.3: Synthesis of phosphine-imine 2.2.
31P{‘H}NMR data for this product revealed the presence o f two isomers which gave rise
Ph
Figure 2.4: Tautomerism of phosphine-imine 2.2.
Ph
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Figure 2.5: ORTEP of 2.2; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): P (l)-C (l) 1.834(2), P(l)-C(7) 1.837(2), 
P(l)-C(13) 1.869(2), N(l)-C(14) 1.276(3), N(l)-C(16) 1.443(2), C(13)-C(14) 1.515(3).
A toluene solution of 2.2 was oxidized with H2O2 to give the imine-phosphine oxide 
species (C6H3/-Pr2)NC(Me)CH2PPh2(0 ) 2.3 in high yield (Figure 2.6). ^ P l'H }  NMR 
revealed two signals at 28.7 and 25.9 ppm. From the 'H  NMR spectrum, it was 
concluded that the two signals in the 3IP{IH} NMR spectrum can be attributed to the 
imine/ene-amine tautomers in a ratio o f 84:16.
toluene
Figure 2.6: Oxidation o f phosphine-imine 2.2.
From the single crystal structure it was found that the imine form is favored in the solid 
state (Figure 2.7). The N(l)-C(13) bond length of 1.273(3) A is typical o f an imine, 
while the C(13)-C(15) distance (1.520(3) A) is in agreement with a C-C single bond. In 
addition, the P (l)-0 (1) bond length (1.489(2) A) is similar to other phosphine oxides 
such as 0=PPh3 (1.491 A).150
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Figure 2.7: ORTEP of 2.3; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): P (l)-0(1) 1.489(2), P(l)-C(15) 1.827(2), 
N(l)-C(13) 1.273(3), C(13)-C(15) 1.520(3), 0(1)-P(1)-C(15) 113.3(1), C(13)-C(15)- P (l) 
112.8(1), N(l)-C(13)-C(15) 117.5(2), C(14)-C(13)-C(15) 116.1(2), N(l)-C(13)-C(14) 
126.4(2).
Alternatively, oxidation o f the 2.2 with the substituted aryl azide resulted in the evolution 
of N2(g) and the isolation of the phosphinimine-imine species (/- 
Pr2C6H3)NC(Me)CH2PPh2(N/-Pr2C6H3) 2.4  in 70% yield (Figure 2.8).
Figure 2.8: Reaction o f aryl azide with phosphine-imine 2.2 to give phosphinimine-imine 
2.4.
• * 3 1 1As expected, this species also exists in two tautomeric forms as indicated by the P { H} 
NMR signals at -13.2 and 3.6 that integrated in an approximately 7:3 ratio. The major 
isomer is assigned to the imine species based on integration of the ‘H NMR spectrum. 
The higher proportion o f the amine isomer in the case of 2.4 compared to 2.2 may result 
from hydrogen bonding o f the amine NH to the phosphinimine nitrogen (Figure 2.9).
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2.4 (major) 
Figure 2.9: Tautomerism of 2.4.
2.4 in
However, in the solid state the ene-amine-phosphinimine tautomer of 2.4 is favored 
(Figure 2.10). The N(2)-C(26) length of 1.382(4) A is consistent with a N-C single bond, 
while the C(25)-C(26) length of 1.363(4) A is typical o f a C=C double bond. The P(l)- 







Figure 2.10: ORTEP of 2.4; 30% thermal ellipsoids are shown. Hydrogen atoms (except 
H(l)) are omitted for clarity. Distances (A) angles (°): P(l)-N (l) 1.590(3), P(l)-C(25) 
1.738(3), N(2)-C(26) 1.382(4), C(25)-C(26) 1.363(4).
Reaction of 2.4 with «-BuLi in THF proceeded quickly to give a yellow solution. Upon 
workup, yellow crystals o f Li(THF)((/-Pr2C6H3)NC(Me)CHPPh2(Nz-Pr2C6H3)) 2.5 were 
isolated in 77% yield (Figure 2.11).
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Figure 2.11: Deprotonation of 2.4 to give THF-coordinated lithium-salt 2.5.
Both NMR spectroscopy and X-ray data confirmed the formulation of 2.5 with a THF 
molecule coordinated to the Li atom (Figure 2.12). The geometry about Li is distorted 
trigonal planar as the sum of the angles about Li exceeds 359°. The N-Li-N ligand bite 
angle is 108.5(3)°. The Li-N distances are similar with the phosphinimine N-Li distance 
o f 1.925(6) A and the imine N-Li distance of 1.914(6) A. The imine N-C distance is 
1.321(3) A, slightly longer than that seen in 2.4, which is consistent with partial 
delocalization o f the anionic charge over the NC2PN linkage.
Figure 2.12: ORTEP of 2.5; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): L i(l)-0(1) 1.894(6), Li(l)~N(2) 1.914(6), 
L i(l)-N (l) 1.925(6), P (l)-N (l) 1.597(2), P(l)-C(37) 1.727(3), P(l)-C(13) 1.813(3), P(l)- 
C(19) 1.831(3), C(37)-C(38) 1.399(4), N(2)-C(38) 1.321(3), 0(1)-Li(l)-N(2) 126.1(3), 
0(1)-L i(l)-N (l) 125.2(3), N(2)-Li(l)-N(l) 108.5(3), C (l)-N (l)-L i(l) 114.6(2), P(l)- 
N (l)-L i(l) 116.2(2), C(38)-N(2)-Li(l) 122.7(3), C(25)-N(2)-Li(l) 116.7(2).
Alternatively, reaction o f 2.4 with w-BuLi in pentane yields a tan colored powder 2.6 
upon workup in 64% yield. Integration o f the ‘H NMR spectrum is consistent with the 
formation o f the Li salt, without the presence of coordinated THF. X-ray data revealed
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that 2.6 is dimeric in the solid state, with the Li atoms bridging between the 
phosphinimine and imine nitrogen atoms o f two separate molecules (Figure 2.13). The 
core o f the dimer forms a heteroatom-based ten-membered tricyclododecadiene ring with 
close intramolecular contacts between lithium and the a-carbon on the phosphorus. 
Comparing the structure o f 2.6 with compounds 2.3, 2.4 and 2.5 it can be seen that the N- 
C-C fragment o f the core eight-membered ring behaves like a delocalized 1-aza-allyl 
fragment. For example, the N(2)-C(38) distance (1.316(4) A) and C(37)-C(38) (1.421(4) 
A) distance both reveal partial double bond character when compared to compounds 2.3 
and 2.4. In compound 2.3 in which the corresponding nitrogen atom is formally an imine 
with a N=C distance o f 1.276(3) A and a C-C distance of 1.520 (3) A, whereas in 
compound 2.4, the corresponding nitrogen atom is formally an amine with a N-C distance 
o f 1.382(4) A and a C=C distance o f 1.363(4) A. The Li-C distances are 2.535(7) A and 
2.618(8) A. These values are similar to the Li-C distances reported for the lithium 
bisphosphiniminemethanide dimer, (Li(TMSNP(Ph2))2CH)2, ranging from 2.370(9) A to 
2.74(1) A .152 The phosphinimine N-P distances are typical (P (l)-N (l) 1.600(3) A, P(2)- 
N(4) 1.606(3) A) and reveal the ancillary behaviour of this fragment acting as a simple 
donor through the nitrogen atom.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
35
Figure 2.13: ORTEP drawing of 2.6; 30% thermal ellipsoids are shown. Hydrogen atoms 
and z'-Pr groups are omitted for clarity. Distances (A) angles (°): L i(l)-N (l) 1.891(7), 
Li(l)-N(3) 1.940(7), Li(l)-C(37) 2.535(7), Li(2)-N(4) 1.901(7), Li(2)-N(2) 1.937(7), 
Li(2)-C(76) 2.618(8), P(l)-N (l) 1.600(3), P(l)-C(37) 1.731(3), P(2)-N(4) 1.606(3), P(2)- 
C(76) 1.737(3), N(2)-C(38) 1.316(4), N(3)-C(77) 1.311(4), C(37)-C(38) 1.421(4), C(76)- 
C(77) 1.433(4), N(l)-Li(l)-N(3) 151.1(4), N(l)-Li(l)-C(37) 70.7(2), N(3)-Li(l)-C(37) 
136.2(3), N(4)-Li(2)-N(2) 149.2(4), N(4)-Li(2)-C(76) 68.3(2), N(2)-Li(2)-C(76)
139.4(3), N(l)-P(l)-C(37) 103.3(2), N(4)-P(2)-C(76) 102.3(2), P (l)-N (l)-L i(l) 103.6(2), 
C(38)-N(2)-Li(2) 122.2(3), C(77)-N(3)-Li(l) 124.4(3), P(2)-N(4)-Li(2) 107.2(3), C(38)- 
C(37)-P(l) 130.0(3), C(38)-C(37)-Li(l) 140.4(3), P(l)-C(37)-Li(l) 77.7(2), N(2)-C(38)- 
C(37) 118.8(4), C(77)-C(76)-P(2) 132.3(3), C(77)-C(76)-Li(2) 133.5(3), P(2)-C(76)- 
Li(2) 78.1(2), N(3)-C(77)-C(76) 118.6(3).
2.3.2 N-Imidoyl Amidine and Precursors
Amide 2.7 was prepared following the simple reaction of aniline with acetyl chloride 
(Figure 2.14).
Figure 2.14: Formation of amide 2.7 and imidoyl chloride 2.8 starting materials.




2.15). Although both the amide and imine forms are present in solution,144 the amide
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form is observed in the solid state. The 0(1)-C(2) distance (1.226(4) A) is typical o f an 
amide carbonyl, the N(l)-C(2) distance (1.339(4) A) is consistent with an amide C-N 
bond.153
Figure 2.15: ORTEP of 2.7; 30% thermal ellipsoids are shown. Hydrogen atoms (except 
H(l)) are omitted for clarity. Distances (A) angles (°): 0(1)-C(2) 1.226(4), N(l)-C(2) 
1.339(4), N(l)-C(2)-0(1) 121.7(3), 0(1)-C(2)-C(1) 122.2(3), N(l)-C(2)-C(l) 116.1(3).
Imidoyl chloride 2.8 was prepared by the dehydration o f amide z-Pr?C6H3NHC(0)Me 2.7 
with PC15 using a modified literature method144 and isolated as a yellow colored oil after 
vacuum distillation (Figure 2.14).
The N-imidoyl amidine ligand (z-Pr2C6H3)N(C(Me)(NC6H3Z-Pr2)2 2.9 was synthesized by 
reacting two equivalents o f imidoyl chloride /-Pr2C6H3NC(Me)Cl 2.8 with 2,6- 
diisopropylaniline in refluxing toluene, with Et3N employed as an acid scavenger (Figure
2.16). The reaction proceeds via an amidine intermediate, which has been extensively 
investigated by Boere et al.144,154 Alternatively, the amidine can be isolated separately 
and reacted with one equivalent of imidoyl chloride to give the ligand. However, the 
only practical advantage to this method is the possibility o f preparing unsymmetrical 
versions o f 2.9 (vide infra).
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NEt3, toluene NEt3, toluene
ArNH2 -------------------- - |  »- |
-NEt3HCI Ar -NEt3HCI Ar
2.9
Figure 2.16: Formation of N-imidoyl amidine 2.9.
Ligand 2.9 is soluble in a range of solvents from pentane to CH3CN, and is most easily 
recrystallized from hexanes or ethanol solutions. In the solid state, the ligand adopts a 
non-planar arrangement in which the imine groups are located trans to one another 
(Figure 2.17). The imine N(l)-C(39) and N(2)-C(37) bond lengths are 1.272(3) A and 
1.269(3) A, respectively, while the amine N(3)-C(39) and N(3)-C(37) bond lengths are 
1.395(3) A and 1.435(3) A, respectively. The difference in the amine bond lengths can be 
attributed to the conformation of the imine fragment with respect to the lone pair on the 
central amine. The nearly planar C(l)-N(l)-C(39)-N(3)-C(25) configuration allows the 
lone pair on the amine N(3) atom to delocalize into the N(l)-C(39) imine it orbital, 
giving the N(3)-C(39) bond partial double bond character. However, in relation to the 
other half o f the molecule, the N(3) atom is twisted out o f the plane of the N(2)-C(37) 
imine fragment, preventing this delocalization from occurring.
In solution, *H NMR spectrua revealed the highly symmetrical features o f the ligand, 
with the signals o f both imine-Ar substituents being equivalent. In addition, the isopropyl 
signals o f the amine N-Ar group showed a highly symmetrical environment. Upon 
cooling a CH2CI2 solution of 2.2, the imine-Me signals became broad, coalescing at - 
72°C, and splitting into two signals at 1.44 and 2.20 ppm at -90°C. Similarly the signal 
for the isopropyl methine protons broadened and split giving signals at 2.60 ppm and 2.93 
ppm at -90°C. These observations are consistent with slowing rotation about the imine-C- 
amide-N single bonds, with the ligand preferentially adopting a trans configuration at 
low temperature. The AG* for this process was estimated to be ~9 kcal mol' 1. 155
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Figure 2.17: ORTEP of 2.9; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): N(l)-C(39) 1.272(3), N(2)-C(37) 1.269(3), 
N(3)-C(39) 1.395(3), N(3)-C(37) 1.435(3), C(39)-C(40) 1.514(3), C(37)-C(38) 1.505(3), 
C(39)-N(3)-C(37) 120.4(2), N(2)-C(37)-N(3) 115.6(2), N(l)-C(39)-N(3) 118.9(2), N (l)- 
C(39)-C(40) 124.7(2), N(3)-C(39)-C(40) 116.4(2), N(2)-C(37)-C(38) 126.2(2), N(3)- 
C(37)-C(38) 118.0(2).
In efforts to form the amine-imine and diamine variants o f this ligand by reducing the 
imine N=C double bond(s), a variety of typical reducing agents were employed including 
U A IH 4, NaBH4 and H2/Pd on charcoal. However, these methods have proven to be 
ineffective. A recent report described the reduction of the bulky diimine (z- 
Pr2C6H3N)C(Me)C(Me2)C(Me)(NC6H3z-Pr2) with AlH3 OEt2 to the corresponding 
diamine.156 Attempts to affect similar reductions o f 2.9 with AlH3 -OEt2 or AlH3 -NMe2Et 
at room temperature or in refluxing toluene resulted only in complex mixture o f products 
and the deposition of aluminum metal.
In addition, attempts to form a sterically bulkier version o f 2.9, (z-Pr2C6H3)N(C(p-CH3- 
C6H4)(NC6H3Z-Pr2))2, in which the pendant methyl groups are replaced with P-CH3-C6H4 
groups were unsuccessful. One equivalent o f imidoyl chloride z-Pr2C6H3NC(/?-CH3- 
C6H4)C1144 reacted with aniline to form the corresponding N,N’-amidine, z-Pr2C6H3NC(p- 
CH3-C6H4)N(H)C6H3Z-Pr2144; however, even under forcing conditions (refluxing 
xylenes), the reaction failed to proceed with the second equivalent o f  imidoyl chloride 
(Figure 2.18).




Figure 2.18: Failed attempt to form a more sterically bulky version of 2.9.
Attempts to produce an unsymmetrical version o f 2.9 (z-Pr2C6H3)N(C(p-CH3- 
C6H4)(NC6H3Z-Pr2)(C(Me)(NC6H3/-Pr2)) with one Me group and one JP-CH3-C6H4 group 
was also unsuccessful (Figure 2.19). Reaction o f N,N’-amidine, i- 
Pr2C6H3NC(Me)N(H)C6H3/-Pr2, with /-Pr2C6H3NC(p-CH3-C6H4)Cl in the presence of 
Et3N at 100°C for 2 days resulted only in recovery o f starting materials.
NEt2, tolueneNEt2, toluene
+ ArNH:
Figure 2.19: Failed attempt to form an unsymmetrical version o f 2.9.
2.4 Summary and Conclusions
Routes to a series o f sterically demanding ligands employing bulky aryl groups have been 
discovered and the reaction o f 2.4 to form alkali metal derivatives have been investigated. 
Ligand 2.4 is the mono-phosphinimine analogue of the popular NacNac ligand, however, 
the sterically bulky and electronically rich diphenylphosphino substituent may promote 
reactivities that vary from the NacNac system. Lithium salts of ligand 2.4 form two 
different products depending on the presence o f donor molecules. In the presence o f 
THF a monomeric structure is formed, where the lithium atom is coordinated to the 
oxygen atom o f the THF with the imine and phosphinimine nitrogen atoms filling the 
coordination sphere. In the lack o f donor solvent, the lithium salt o f 2.4 forms a dimer 
where the imine nitrogen coordinates as well as the ot-carbon to the imine fragment, 
leaving the pendant phosphinimine fragment to wrap around and coordinate through the 
nitrogen atom. Finally, the extremely bulky imidoyl amidine ligand 2.9 incorporating 
three sterically demanding N-Ar groups has been prepared. Investigations have shown
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that ligand 2.9  is approaching the steric limits o f being a synthetically feasible ligand 
target. Future work involving the imidoyl amidine ligand system would best be directed 
at modifying the ligand system in a manner which allows it to be mono or dianionic. 
This would aid in extending the chemistry to produce stable examples o f highly reactive, 
low-valent transition metal compounds.
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Chapter 3
Synthesis and Characterization of Late Transition Metal
Compounds
3.1 Introduction
As mentioned in Chapter 1, the development o f sterically bulky nitrogen-based ligand 
systems for use in late transition metal compounds was accelerated by the discovery of 
highly active nickel-based olefin polymerization catalysts using the sterically bulky a - 
diimine ligand.57 These ligand systems generally form five- or six-membered metal 
chelates, thus a number o f structural perturbations of these systems have been developed, 
either by altering the composition o f the ligand backbone or by altering the electronic or 
steric properties o f the peripheral substituents. In this chapter, the ligand systems 
developed in Chapter 2 will be applied to a variety of late transition metals. The 
phosphinimine-imine ligand is shown to exhibit properties similar to both the NacNac 
style o f ligand and the bisphosphinimine ligand system. The extremely sterically bulky 
imidoyl amidine ligand readily forms late metal dihalide complexes, however the 
reactivity o f these complexes is greatly diminished compared to their less bulky 
counterparts. Finally, the synthesis o f rhodium(I) complexes is described, including the 




All preparations were done under an atmosphere of dry, Ch-free N2 employing both 
Schlenk line techniques and a Vacuum Atmospheres glove box. Hexanes, toluene, 
pentane, CH2CI2, Et20  and acetonitrile were purchased from Aldrich Chemical Company 
and were purified employing a Grubbs’ type solvent purification system manufactured by 
Innovative Technology. Xylenes were purchased from Aldrich Chemical Company and 
distilled over molten sodium metal. Deuterated solvents were dried over
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N ^enzophenone (CeD6, toluene-dg) or P2O5 (CD2CI2). *H, ^P l'H }  and NMR
spectra were recorded on a Bruker Avance-300 and 500 spectrometers. All spectra were 
recorded in CeD6 at 30°C unless otherwise noted. Trace amounts of protonated solvent 
were used as internal references for 'H NMR spectra. The deuterated solvent was used as 
an internal reference for l3C{*H} NMR spectra. The chemical shifts for both 'H and 
are reported relative to tetramethylsilane. 31P{[H}, n B{*H} and NMR
spectra were referenced to external 85% H3PO4, BF3-Et2 0  and CFCI3, respectively. 
Coupling constants are reported as absolute values. Combustion analyses were done in 
house employing a PerkinElmer CHN Analyzer. Magnetic susceptibility measurements 
were performed using the Evans method . 157 IR spectra were recorded using a Bruker 
VECTOR 22 infrared Fourier transform spectrometer. CuBr2, ZnBr2, NiBr2, 
NiBr2(DME), «-BuLi (1.6 M or 2.5 M in hexanes), MeLi (1.6 M in Et20 ) , t-BuLi (1.7 
M in pentane), allyl bromide, 3 ,5-CF3C6H3Br, magnesium turnings, cyclooctene, NaBF4 
and Super Hydride® (1.0 M in THF) were purchased from the Aldrich Chemical 
Company and used as received. FeCl2, C0 CI2, (Rh(CO)?Cl)2,
bis(cyclooctadiene)nickel(0), (PhCN)2PdCl2 and PPI13 were purchased from Strem 
Chemicals Inc. RhCl3-(H2 0 )x was purchased from Alfa Aesar. MgS0 4  was purchased 
from ACP Chemicals Inc. Hyflo Super Cel® (celite) was purchased from Aldrich 
Chemical Company and dried for 24 hours in a vacuum oven prior to use. Molecular 
sieves (4 A) were purchased from Aldrich Chemical Co. and dried at 140 °C under 
vacuum using a rotary vacuum pump. NacNacH61 was generously donated by 
Guangcai Bai o f  the Stephan Group. [Li][B(C6Fs)4] was generously donated by Dr. 
Charles Macdonald. NacNac-Li(OEt2)158, (Ti3-C3H5NiBr)2159, ((COE)RhCl)2160 were 
prepared according to literature methods. [Na][B(3 ,5 -CF3C6H3)4] was safely prepared 
from NaBF4, 3 ,5-CF3C6H3Br and magnesium turnings following the literature 
procedure. 161 LiCH2SiMe3 was purchased from Aldrich as a solution (1.0 M in pentane) 
and crystallized by cooling to -35°C.
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3.2.2 Synthesis o f Phosphinimine-imine and Phosphine Oxide-Imine Late Metal 
Complexes
Synthesis of ((C6H3/-Pr2)NC(Me)CH2PPh2(NC6H3/-Pr2))NiBr2 3.1
In toluene (8 mL) 2.4 (132 mg, 0.229 mmol) was combined with NiBr2(DME) (71 mg, 
0.229 mmol) and the mixture was allowed to stir overnight. A blue precipitate formed. 
The solvent was removed in vacuo to give a light blue powder 3.1. The solid was 
dissolved in CH2CI2 (6 mL), filtered through celite and the blue solution layered with 
toluene (12 mL). After two days, blue crystals were separated from the solution by 
decantation. The crystals were washed with pentane. Yield: 30%. Magnetic susceptibility
4.34 pB. Anal. Calc, for C46H57N2PNiBr2: C, 62.26; H, 6.47; N, 3.16. Found: C, 61.99; H, 
6.42; N, 3.03.
Synthesis of [((C6H3*-Pr2)NC(Me)CHPPh2(NC6H3/-Pr2))Ni(g-Br)2Li(THF)2] 3.2
To a solution of 2.4 (159 mg, 0.276 mmol) in THF (4 mL) was added rc-BuLi in hexanes 
(0.181 mL, 1.6 M solution). The resulting yellow solution was allowed to stir for 1 h and 
NiBr2(DME) (85 mg, 0.276 mmol) in THF (4 mL) was added. After stirring overnight, 
the solvent was removed and the dark solids dissolved in hot pentane. After filtration 
through celite, the solution was stored at -35°C overnight yielding black/red crystals of
3.2. Yield: 37%. Magnetic susceptibility 3.93 pb- Anal. Calc, for C47H64N202PNiBr2Li: 
C, 59.71; H, 6.82; N, 2.96. Found: C, 59.80; H, 6.68; N, 2.92.
Synthesis of ((C6H3i-Pr2)NC(Me)CHPPh2(NC6H3i-Pr2))(PPh3)NiBr 3.3
To a solution o f 2.4 (173 mg, 0.300 mmol) in 3 mL THF was added n-BuLi in hexanes 
(0.187 mL, 1.6 M solution). The yellow solution was allowed to stir for lh, after which 
one equivalent of NiBr2(DME) (93 mg, 0.300 mmol) in 3 mL THF was added, forming a 
dark blue solution. Then PPh3 (79 mg, 0.300 mmol) was added and the mixture was 
stirred overnight. Removal o f solvent, addition of CH2CI2 and filtration through celite 
gave a dark red/purple solution. Upon cooling to to -35°C, 123 mg o f deep red crystals 
were isolated after washing with pentane. Yield: 34%. *H NMR (CD2CI2) 8: 6.85-8.46 
(m, 31H, PPh2, m ,p -Ar), 4.50 (sept, 1H, 3JH-h = 7 Hz, C//(CH3)2), 3.87 (sept, 2H, 3JH-h = 
7 Hz, CF/(CH3)2), 1.81 (sept, 1H, 3JH.H = 7 Hz, Gtf(CH3)2), 1.51 (d, 3H, 3JH-h = 7 Hz,
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CH(C//3)2), 1.27 (d, 3H, V h  = 7 Hz, CH(C//3)2), 1-24 (d, 3H, 3JH-h = 7 Hz, CH(Ctf3)2), 
1.12 (d, 3H, 3Jh.h = 7 Hz, CH(CH3)2), approx. 1.11 (m, obscured by adjacent CH(C//3)2 
peak, 1H, CH), 1.03 (s, 3H, Me), 0.86 (d, 3H ,3JH-h = 7 Hz, CH(C//3)2), 0.74 (d, 3H ,3JH-h 
= 7 Hz, C H (0 /3)2), 0.50 (d, 3H, 3JH-h = 7 Hz, CH(Ci/3)2), 0.21 (d, 3H, 3JH-h = 7 Hz, 
CH(C/73)2). 13C{'H} NMR (CD2C12) 5: 171.61 (d, N=C, Vc = 6 Hz), 149.2, 149.0
147.6, 146.2, 144.5, 144.0, 138.8, 138.7, 138.3, 137.8, 137.8, 137.0, 136.8, 136.7, 135.4,
135.2, 134.6, 133.0, 132.9, 132.5, 132.0, 130.6, 130.2, 130.1, 128.5, 128.4, 128.4, 128.3, 
124.1, 123.4, 123.3, 123.2, 123.0, 122.8, 29.5, 28.2, 27.2, 25.8, 24.4, 24.4, 24.8, 23.7,
23.5, 23.5, 23.3, 6.1 (d o f d, 1JP_C -  76 Hz, 2JP.C = 17 Hz, PCH). 3IP{‘H} NMR (CD2C12) 
8: 24.4 (d, 3JP.P = 39 Hz), 18.0 (d, 3JP.P = 39 Hz). Anal. Calc, for C58H65N2P2NiCl2Br: C, 
65.62; H, 6.17; N, 2.64. Found: C, 65.43; H, 6.45; N, 2.49.
Synthesis of ((C6H3/-Pr2)NC(Me)CHPPh2(NC6H3/-Pr2))(PPh3)PdCl 3.4
To a solution of 2.4 (116 mg, 0.201 mmol) in 4 mL THF was added «-BuLi in hexanes 
(0.087 mL, 2.5 M). The yellow solution was allowed to stir for lh , after which 
(PhCN)2PdCl2 (76 mg) in 3 mL THF was added, forming a dark brown solution. Then 
PPh3 (52 mg) was added and the mixture was stirred overnight. Removal o f solvent, 
addition of toluene and filtration through celite gave a green-brown solution. After two 
days, 123 mg o f light brown crystals o f 3.4 were isolated after washing with pentane. 
Yield: 57%. ‘H NMR (CD2C12) 8: 7.80-8.05 (m, 10H, o-PPh2), 6.87-7.56 (m, 21H, m,p- 
PPh2, m,p-Ar), 4.43 (sept, 1H, 3JH-h = 7 Hz, Ctf(CH3)2), 3.30 (sept, 1H, V h  = 7 Hz, 
C//(CH3)2), 3.29 (sept, 1H, V h  = 7 Hz, Ctf(CH3)2), 2.35 (s, 3H, Me), 1.91 (d o f d, 1H, 
PCH, V h  = 7 Hz, V h  -  6 Hz), 1.70 (sept, 1H, V h  = 7 Hz, Ctf(CH3)2), 1.35 (d, 3H, 
V h  = 7 Hz, CH(C//3)2), 1.21 (d, 6H, V h  = 7 Hz, CH(C//3)2), 0.96 (d, 3H, V h  = 7 Hz, 
CH(C//3)2), 0.95 (d, 3H, V H = 7 Hz, CH(Ctf3)2), 0.93 (s, 3H, Me), 0.69 (d, 3H, V - h  = 7 
Hz, CH(C/T3)2), 0.47 (d, 3H, V h  = 7 Hz, CH(Ctf3)2), 0.19 (d, 3H, 3JH-h = 7 Hz, 
CH(C7/3)2). 13C{'H} NMR (CD2C12): 171.3 (d, N=C, 2JP.C = 6 Hz), 149.3, 148.9, 148.2,
146.5, 139.3 (d, 8 Hz), 138.6, 137.7, 137.2, 137.1, 135.4-136.0 (m), 133.4, 133.3, 132.7,
132.5, 132.4, 131.4, 130.7, 130.6, 129.6, 128.8-129.1 (m), 125.8, 124.5, 123.7, 123.6, 
123.4, 123.2, 122.7, 29.9, 28.8, 28.4, 27.6, 25.8, 25.0, 24.9, 24.8, 24.2, 24.1, 24.0, 23.7,
23.6, 23.3, 21.7, 15.9 (d, ' j P.c -  79 Hz, PCH). 31P{!H} NMR (CD2C12) 8: 29.2 (d, 3JP.P =
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15 Hz), 25.5 (d, 3JP.p = 15 Hz). Anal. Calc, for C64H7iN2P2PdCl: C, 71.70; H, 6.68; N, 
2.61. Found: C, 71.39; H, 6.59; N, 2.82.
Synthesis of ((C6H3/-Pr2)NC(Me)CH2PPh2(0))NiBr2 3.5
In toluene (10 mL) 2.3 (200 mg, 0.468 mmol) was combined with NiBr2(DME) (144 mg, 
0.468 mmol) and the mixture was allowed to stir overnight. A dark blue/purple 
precipitate formed. The solvent was removed in vacuo to give a blue powder 3.5. The 
solid was dissolved in a minimum o f CH2CI2, filtered through celite and the blue solution 
layered with pentane. After one day, blue crystals were separated from the solution by 
decantation and washed with pentane to give 178 mg of material. Yield: 59%. Magnetic 
susceptibility 4.40 pB. Anal. Calc, for C2?H32NPONiBr2: C, 50.99; H, 5.07; N, 2.20. 
Found: C, 50.96; H, 5.12; N, 2.22.
3.2.3 Synthesis of Imidoyl Amidine Late Metal Complexes 
Synthesis of (/-Pr2C6H3N)C(Me)(NC6Hu'-Pr2)C(Me)(NC6H3i-Pr2)FeCl2 3.6
To a solution o f 2.9 (200 mg, 0.345 mmol) in 5 mL toluene was added FeCk (43 mg, 
0.345 mmol). The mixture was heated to 110°C for 3 days after which the insoluble, off- 
white FeCk had been replaced with a yellow solid. The toluene was then removed in 
vacuo and the remaining solids dissolved in approximately 10 mL CH2CI2. This solution 
was then filtered through celite and layered with 10 mL toluene. After several days 213 
mg o f bright yellow/orange crystals were isolated. 3.6: Yield: 79%. Magnetic 
susceptibility 5.79 pB. Anal. Calc, for C^HsyNsFeCh: C, 67.99; H, 8.13; N, 5.95. Found: 
C, 68.22; H, 8.40; N, 6.00.
(i-Pr2C6H3N)C(Me)(NC6H3/-Pr2)C(Me)(NC6H3t-Pr2)CoCl2 3.7
Prepared in a similar manner as 3.6. Blue crystals Yield: 87%. Magnetic susceptibility
3.35 pB. Anal. Calc, for C 4 0 H 5 7 N 3 C 0 C I 2 :  C, 67.69; H, 8.09; N, 5.92. Found: C, 67.55; H, 
7.84; N, 5.87.
Synthesis of (/-Pr2C6H3N)C(Me)(NC6H3i-Pr2)C(Me)(NC6H3J-Pr2)NiBr2 3.8 To a
solution o f 2.9 (1.000 g, 1.72 mmol) in 15 mL xylenes was added NiBr2 (377 mg, 1.72
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mmol). The mixture was heated to 140°C for 3 days. This resulted in the formation of a 
purple solid suspended in a bright blue solution. The xylenes were then decanted, the 
solids washed 2 x 1 0  mL pentane and dried in vacuo to give 1.186 g o f blue powder, 3.8. 
X-ray quality dark purple crystals were grown from a solution in CH2CI2 layered with 
toluene. Yield: 86%. Magnetic susceptibility 4.98 pe- Anal. Calc, for C^HsyNjNiB^: C, 
60.17; H, 7.19; N, 5.26. Found: C, 60.38; H, 7.23; N, 5.25.
Synthesis of (f-Pr2C6H3N)C(Me)(NC6H3/-Pr2)C(Me)(NC6H3;-Pr2)CuBr2 3.9 To a
solution o f 2.9 (lOOmg, 0.172 mmol) in 5 mL THF was added CuBr2 (38 mg, 0.172 
mmol) and the mixture was left to stir overnight, after which time a copious amount o f 
burgundy colored solid formed. The solids were filtered from the reaction mixture to give 
83 mg of material. Yield: 60%. Magnetic susceptibility 1.99 pe- X-ray quality 
burgundy colored crystals were grown from a hot acetonitrile solution slowly cooled to - 
35°C. Anal. Calc, for C^HjyNsCuBry: C, 59.81; H, 7.15; N, 5.23. Found: C, 59.43; H, 
7.30; N, 5.15.
Synthesis of ^ P r 2C6H3N)C(Me)(NC6H3i-Pr2)C(Me)(NC6H3t-Pr2)ZnBr2 3.10
Prepared in a similar manner as 3.9. Yield: 90%. !H NMR (CD2CI2) 5: 7.24-7.57 (m, 
9H, m, p -Ar), 3.42 (sept, 4H, V h  = 7 Hz, C//(CH3)2), 3.41 (sept, 2H, V h  = 7 Hz, 
C77(CH3)2), 1.76 (s, 6H, Me), 1.37 (d, 12H, V h  = 7 Hz, CH(C# 3 ) 2 ) ,  1-30 (d, 12H, V h  
= 7 Hz, CH(C//3)2), 1.13 (d, 12H, V h  = 7 Hz, CH(CH3)2). 13C{'H} NMR (CD2C12) 5:
167.8, 146.4, 141.3, 141.1, 137.2, 132.0, 127.9, 126.8,125.5, 29.1, 28.8, 26.0, 24.8, 24.7,




To a rapidly stirring suspension of 3.6 (lOOmg, 0.142 mmol) in 5 mL toluene was added 
Li(OEt2)B(C6Fs)4 (107 mg, 0.142 mmol) in 5 mL o f diethyl ether. The reaction was 
allowed to stir overnight after which time the mixture turned from yellow/orange to a 
bright yellow color. Filtration of the mixture through celite and removal o f solvent gave
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a yellow oil which crystallized upon addition of pentane. Yield: 41%. Magnetic 
susceptibility 5.23 jib- X-ray quality crystals were grown by diffusion of pentane vapor 
into a diethyl ether/toluene solution o f the material. Anal. Calc, for 
C64H57N3FeCl2LiBF2oOEt2: C, 55.68; H, 4.60; N, 2.86. Found: C, 56.30; H, 4.73; N, 2.50.
Synthesis of (/-Pr2C6H3N)C(Me)(NC6H3i-Pr2)C(Me)(NC6H3/-Pr2)FeClCH2SiMe3 3.12
To a rapidly stirring suspension of 3.6 (lOOmg, 0.142 mmol) in 5 mL toluene cooled to 
-35°C was added LiCH2SiMe3 (13 mg, 0.142 mmol) in 3 mL of cold toluene. The 
reaction was allowed to warm to 25°C over several hours. The mixture became deep 
purple in color. Filtration of the mixture and cooling the filtrate to -35°C overnight gave 
fine purple needles. The crystals were filtered off and washed 2 x 1 0  mL cold pentane. 
Yield: 55%. Magnetic susceptibility 5.61 jj,b- X-ray quality purple crystals were grown 
from a toluene solution layered with pentane. Anal. Calc, for C44H6sN3FeSiCl: C, 69.68; 
H, 9.03; N, 5.54. Found: C, 70.18; H, 8.56; N, 6.20.
Synthesis of [(i-Pr2C6H3N)C(Me)(NC6H3/-P r2)C(Me)(NC6H3i-P r2)Ni(ti3-
C3H 5)][B(3,5-CF3C 6H3)4] 3.13
To a solution o f 2.9 (100 mg, 0.174 mmol) in 8 mL CH2C12 was added 
[(CH2CHCH2)NiBr]2 (32 mg, 0.174 mmol) and [Na][B(3,5-CF3C6H3)4] (155 mg, 0.174 
mmol). The mixture was stirred overnight. The resulting brown solution was filtered to 
remove NaBr and the filtrate was cooled to -35°C overnight to give brown crystals which 
were separated from the solution by decantation and washed 3 x 5  mL cold pentane. 
Yield: 33%. 'H NMR (CD2C12) 5: 7.71 (br s, 8H, o-ArF), 7.56 (br s, 4H, p-ArF), 7.00- 
7.58 (m, 9H, m ,p -Ar), 5.74 (d o ft, 1H, 3JH-H(anti) = 13.5 Hz, 3JH-H(syn) = 7.1 Hz, allyl CH), 
3.69 (sept, 2H, 3JH-h = 7 Hz, Ctf(CH3)2), 3.01 (sept, 2H, V h  = 7 Hz, 0 /(C H 3)2), 2.87 
(sept, 1H, V h  = 7 Hz, Ctf(CH3)2), 2.72 (sept, 1H, V h  = 7 Hz, Ctf(CH3)2), 2.14 (d, 2H, 
allyl-syn, V h  =13.5 Hz), 1.78 (d, 2H, allyl-anti, V h  = 7.1 Hz), 1.66 (s, 6H, Me), 1.55 
(d, 6H, V h  = 7 Hz, CH(Ctf3)2), 1.44 (d, 6H, V h  = 7 Hz, CH(Ctf3)2), 1.33 (d, 6H, V h  
= 7 Hz, CH(C7/3)2), 1.29 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 1.28 (d, 6H, V h  = 7 Hz, 
CH(Ctf3)2), 1.21 (d, 6H, V h  = 7 Hz, CH(C773)2). ^C l'H }  NMR (CD2C12) 5: 163.7, 
162.4(q, 1JCF = 49 Hz, CF3) 149.4, 145.0, 149.9, 137.8, 136.9,136.5, 135.4, 132.7, 130.6,
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130.1 (br m), 129.7 (br m), 129.6,129.3 (brm ), 128.9 (brm ), 128.7, 128.3, 127.3, 127.2,
127.0, 125.8, 125.5, 123.4, 119.8, 118.1 (brm ), 65.6, 29.9, 29.4, 29.3, 29.1, 25.0, 24.9,
24.8, 24.2, 24.0, 23.7, 23.4, 21.7. n B{'H} NMR (CD2C12) 8: -10.9. NMR 
(CD2C12) 5: -63.2. Anal. Calc, for C75H74N3NiBF24: C, 58.38; H, 4.83; N, 2.72. Found: C, 
58.07; H, 4.89; N, 2.66.
Synthesis of (/-Pr2C6H3N)C(Me)(NC6H3/-Pr2)C(Me)(NC6H3/-Pr2)Ni((a-H)2BEt2 3.14
To a rapidly stirring slurry of 3.8 (200 mg, 0.251 mmol) in 10 mL toluene was added 
SuperHydride® (0.551 mL, 1.0 M in THF). Immediate evolution o f gas was observed. 
The purple solution was allowed to stir for 4 hours after which the solvent was removed 
in vacuo. The solid was dissolved in approx. 5 mL toluene, filtered through celite, layered 
with 5 mL pentane and cooled to -35°C overnight. The resulting brown-red crystals were 
separated from the solution and washed 3 x 1 0  mL cold pentane. Yield: 47%. Magnetic 
susceptibility 1.11 ps- Anal. Calc, for C44H69N3NiB: C, 74.48; H, 9.80; N, 5.92. Found: 
C, 74.93; H, 9.81; N, 5.92.
3.2.4 Synthesis o f Phosphinimine-imine and NacNac Rh Complexes 
Synthesis of ((C6H3i-Pr2)NC(Me)CH2PPh2(NC6H3t-Pr2))Rh(CO)2 3.15
To a solution o f 102 mg (0.177 mmol) o f 2.4 in 5 mL THF was added one equivalent of 
n-BuLi (0.111 mL of a 1.6M solution in hexanes) and the mixture was allowed to stir for 
2 hours. Then 34 mg (0.177 mmol) of (Rh(CO)2Cl)2 added to the solution. After stirring 
overnight, the solvent was removed in vacuo. The solids were washed with 10 mL of 
toluene and the yellow solution filtered through celite. Upon cooling to -35°C overnight, 
85 mg of bright yellow blocks were isolated by decantation and washing with pentane. 
Yield: 65%. ‘H NMR 5: 7.80-7.86 (m, 4H, o-PPh2), 7.01-7.10 (m, 12H, m, /?-PPh2, m, p- 
Ar), 4.09 (sept, 2H, 3J H-h  = 7 Hz, CH(CH3)2), 3.27 (d, 1H, 2JP.H = 27 Hz, PCH), 3.27 
(sept, 2H, 3JH-h = 7 Hz, CH(CH3)2), 1.60 (d, 6H, 3JH-h = 7 Hz, CH(CH3)2), 1.56 (s, 3H, 
Me), 1.25 (d, 6H ,3Jh.h = 7 Hz, CH(CH3)2), 1.14 (d, 6H ,3JH-h = 7 Hz, CH(CH3)2), 1.06 (d, 
6H, 3JH-h = 7 Hz, CH(CH3)2). ^C l'H } NMR 5: 185.9 (d, ' W  = 67.5 Hz, Rh(CO)2),
167.8, 157.3, 146.2, 142.7, 137.0, 133.9, 133.8, 131.5,131.1, 127.7-128.3 (m, obscured 
by C6D6), 125.9, 124.6, 123.9, 70.0 (d, Vc = 121 Hz, PCH), 29.2, 28.2, 26.0, 24.6, 23.7.
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31P{'H} NMR 8 : 18.1. IR (KBr pellet): 2055 (symmetric vCo), 1987 (asymmetric vCo) 
cm '1. Anal. Calc, for C41H48N2PRI1O2: C, 67.02; H, 6.59; N, 3.81. Found: C, 67.39; H, 
6 .88 ; N, 3.82.
Synthesis of CH(C(Me)(N/-Pr2C6H3))2Rh(CO)2 3.16
To a solution of 108 mg (0.257 mmol) of NacNacH in 5 mL THF was added one 
equivalent o f rc-BuLi (0.161 mL of a 1.6M solution) and the mixture was allowed to stir 
for 2 hours. Then 50 mg (0.257 mmol) of (Rh(CO)2Cl)2 in 2 mL THF was added 
dropwise to the solution. After stirring overnight the solvent was removed in vacuo. The 
solids were washed with 8 mL of toluene and the yellow solution filtered through celite. 
Upon cooling to -35°C overnight, 74 mg of bright yellow blocks were isolated by 
decantation and washing with pentane. Yield: 50%. *H NMR (toluene-ds) 8 : 6.97-7.12 
(m, 6H, m, p-Ar), 5.09 (s, 1H, CH), 3.39 (sept, 4H, 3JH-h = 7 Hz, Ctf(CH3)2), 1.68 (s, 
CH3), 1.46 (d, 12H, 3JH-h = 7 Hz, CH(C7/3)2), 1.15 (d, 12H, 3JH-h = 7 Hz, CH(Ctf3)2). 
,3C{'H} NMR (toluene-ds) 8 : 184.9 (d, ‘W  = 68 Hz, Rh(CO)2), 160.4, 155.5, 140.6,
126.7, 123.8, 97.6 (CH), 28.2, 24.1, 23.9, 22.8. IR (KBr pellet): 2055 (symmetric vco), 
1988 (asymmetric vco) cm '1. Anal. Calc, for C n ^ i^ R h C b : C, 64.58; H, 7.17; N, 4.86. 
Found: C, 64.65; H, 7.36; N, 4.79.
Synthesis of CH(C(Me)(N/-Pr2C6H3))2Rh(N2)(COE) 3.17
To a solution of NacNacLi(OEt2) (0.500 g, 1.00 mmol) in 10 ml Et2 0  was added 
((COE)Rh(p-Cl))2 (0.249 g, 0.50 mmol). The mixture was allowed to stir overnight 
whereupon the solution became dark brown/black. The solids were removed by filtering 
through celite and solvent was removed in vacuo to give a dark semi-solid material, 
which was dissolved in ~5 mL pentane and filtered again through celite. Cooling the 
solution to -35°C gave 263 mg of a dark brown crystalline solid after workup. Yield: 
38%. ‘H NMR (0°C, toluene-dg) 8 : 6.98-7.13 (m, 6H, m, p -Ar), 5.12 (s, 1H, CH), 3.73 
(br sept, 2H, 3JH-h = 7 Hz, CJ/(CH3)2), 3.46 (br sept, 2 H, 3JH-h = 7 Hz, C//(CH3)2), 3.27 
(br d, 2H, JH-h = 10 Hz, COE-H O C H ), 1.59 (s, 6H, Me), 1.58 (d, 6H, 3JH-h = 7 Hz, 
CH(CF/3)2), 1.47 (d, 6H, 3JH-h = 7 Hz, CH(Ctf3)2), 1.41 (br m, 4H, COE-CH2), 1.20 (d, 
6H, 3JH-h = 7 Hz, CH(C//3)2), 1.14-1.29 (m, 8H, COE-C//2), 1.02 (d, 6H, 3JH-h = 7 Hz,
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CH(Ctf3)2). 13C{'H} NMR (partial, toluene-dg) 5: 157.8, 152.0, 143.1, 142.7, 141.6,
130.3, 127.8-129.0 (m, obscured by toluene-dg) 126.2, 125.4, 123.9, 123.7, 123.3, 97.3 
(C -H ), 74.9 (br s, C O E -H -C = C -H ), 30.7, 29.5, 28.9, 28.1, 26.5, 25.8, 25.0, 24.7, 24.4,
23.6. IR (KBr pellet): 2175 (vNN), 1535 (vNC) cm '1. Anal. Calc, for C37H55N4RI1: C, 
67.46; H, 8.42; N, 8.50. Found: C, 67.46; H, 8.49; N, 8.30.
3.2.5 X-ray Data Collection, Reduction, Solution and Refinement
See Section 2.2.4 for general methods. Single crystal X-ray structures were obtained for 
compounds 3.1-3.9, 3.11-3.15 and 3.17. Selected crystallographic data are included in 
Table 3.1. ORTEPs and selected bond lengths and angles are provided in Figures 3.2,
3.3, 3.5, 3.6, 3.8, 3.10, 3.12, 3.14, 3.16, 3.18, 3.20, 3.21 and 3.24.
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Table 3.1 Selected Crystallographic Data for Compounds 3.1-3.15 and 3.17.
3.1 3.2 3.3 3.4
Formula C46H57Br2N2NiP C47H64Br2LiN2Ni0 2P C59H70BrCl4N2NiP2 C64H71ClN2P2Pd
Formula weight 887.44 945.44 1149.53 1072.02
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group P2,/c P-l P2j/c P2,/n
a(A) 13.932(7) 11.284(6) 23.05(3) 10.367(7)
b(A) 13.976(7) 13.404(7) 10.40(2) 26.48(2)
c(A) 23.94(1) 18.23(1) 24.60(3) 23.41 (2)
CC(°) 81.63(1)
P(°) 105.303(9) 74.46(1) 104.11(3) 96.27(1)
y(°) 67.997(9)
v  (A3) 4497(4) 2460(2) 5719(14) 6387(7)
z 4 2 4 4
d(calc) g cm' 1 1.311 1.276 1.335 1.115
Abs coeff, p., cm' 1 2.276 2.086 1.319 0.418
Data collected 18638 10205 19576 27188
Data F02>3cf(F02) 6404 6993 8239 9140
Variables 457 501 622 631
R 0.0369 0.0675 0.0684 0.0541
Rw 0.0747 0.1491 0.1749 0.1416
GOF 1.000 0.908 0.862 1.099
3.5 3.6 3.7 3.8
Formula C27Fl32Br2NNiOP C42H61Cl6FeN3 C40H57C12CoN3 C40H57Br2N3Ni
Formula weight 636~04 876.48 709.72 798.41
Crystal System Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P2,2,2, P2i/m P21/m P2,/n
a(A) 11.326(8) 10.369(5) 10.7514(14) 10.462(9)
b(A) 14.135(9) 19.199(9) 17.395(3) 43.18(4)
c(A) 18.25(1) 11.990(6) 11.4237(18) 18.19(2)
P(°) 101.55(1) 111.716(4) 106.39(2)
V(A3) 2921(3) 2339(2) 1984.9(5) 7882(12)
z 4 2 2 8
d(calc)gcm' 1 1.446 1.245 1.187 1.346
Abs 3.473 0.696 0.597 2.550
coeff, p, mm' 1
Data collected 12195 10074 4578 36954
Data F02 4142 3469 2596 11284
>3a(F02)
Variables 303 253 226 829
R 0.0403 0.0446 0.0574 0.0536
Rw 0.0985 0.0996 0.1477 0.1241
GOF 0.975 0.827 1.043 0.937
All data collected at 24°C with Mo Ka radiation (A, = 0.71073 A), 
R = E||F0|-|FC|| / S|F0|, Rw = [Z[cpF02-Fc2)2] / I[coF02)2]]0'5
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T able 3.1 Continued.
3.9 3.11 3.12
Formula C4oH57Br2CuN3 C72H72BCl2F2oFeLiN30 2 C45H69Cl3FeN3Si
Formula weight 803.25 1535.83 842.32
Crystal System Triclinic Triclinic Orthorhombic
Space group P-l P-l Pnrna
a(A) 10.536(6) 15.545(3) 21.115(1)
b(A) 11.758(7) 16.276(3) 19.125(1)




v(A3) 2001(2) 3937.0(13) 5091.0(5)
z 2 2 4
d(calc)gcm‘1 1.333 1.296 1.099
Abs coeff,p,mm' 1 2.572 0.350 0.507
Data collected 8599 19393 24184
Data F02>3a(F02) 5676 11181 3782
Variables 415 883 257
R 0.0769 0.0537 0.0473
Rw 0.1815 0.1267 0.1195
GOF 0.851 0.837 1.190
3.13 3.14 3.15 3.17
Formula C78.2sH75BClo.5oF24N3Ni C44H 69BN3Ni C41H48N 20 2PRh C37H 55N 4Rh
Formula weight 1600.66 709.54 734.69 630.72
Crystal System Triclinic Triclinic Monoclinic Monoclinic
Space group P-l P-l P2,/n P2,/c
a(A) 15.178(7) 11.861(4) 11.934(3) 8.9010(6)
b(A) 16.512(7) 12.840(4) 14.590(3) 17.200(1)
c(A) 17.583(7) 16.590(5) 21.632(5) 23.406(2)
a  (°) 107.375(8) 89.734(6)
P(°) 99.173(8) 75.663(7) 90.972(6) 92.926(2)
y(°) 97.665(9) 63.836(5)
v(A3) 4074(3) 2181(1) 3766 (2) 3578.9(4)
z 2 2 4 4
d(calc)gcm' 1 1.305 1.080 1.296 1.167
Abs coeff,p,mm' 1 0.351 0.475 0.532 0.502
Data collected 17656 6910 18586 17436
Data F02>3a(Fo2) 11702 4018 5463 5150
Variables 929 466 432 384
R 0.1145 0.0425 0.0420 0.0450
Rw 0.3241 0.1020 0.0907 0.1138
GOF 1.211 0.966 0.994 1.035
All data collected at 24°C with Mo Ka radiation (A. = 0.71073 A), 
R = E||F0|-|FC|| / Z|F0|, Rw = [S[®F02-Fc2)2] / Z[coF02)2]]0'5
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3.3 Results and Discussion
3.3.1 Phosphinimine-imine Late Metal Complexes
The phosphinimine-imine ligand 2.4 reacts with NiBr2(DME) to give the blue complex 
((C6H3/-Pr2)NC(Me)CH2PPh2(NC6H3/-Pr2))NiBr2 3.1 in good yield (Figure 3.1). This 
species was paramagnetic with a magnetic moment of 4.34 pe, as expected for a 
tetrahedral d8 metal.
Br\  / r 
A r \  /Ar
NiBr2DME N N
CH2CI2
A r ^  / A r  Ph
N N THF JH F
' ^ P h  1. n-BuLi #L4
2 4  Ph  2. NiBr2DME B r^ jB r
I ~ I  Ak . /N i  / A r  
THF N N
3.2
' P\^ -P h  
Ph
Figure 3.1: Formation o f nickel complexes with imine-phosphinimine ligand.
Single crystals o f 3.1 were obtained upon recrystallization from CH2CI2 layered with 
toluene (Figure 3.2). The geometry about the Ni center is approximately tetrahedral as 
expected with the coordination sphere comprised o f the two N and two Br atoms. The Ni- 
N distances were found to be 2.019(3) and 2.036(3) for the phosphinimine and imine N 
atoms, respectively. This is consistent with previous observations that suggest that 
phosphinimines are in fact stronger a-donors than imines.64,65 The N-Ni-N ligand bite 
angle is 98.26(12)°. This is larger than the bite-angle of 93.7(2)° seen for the related 
NacNacH complex (((C6H3/-Pr2)NCMe)2CH2)NiBr2.61 The Ni-Br distances were found to 
be 2.3309(10) A  and 2.419(1) A  while the Br-Ni-Br angle is 117.35(4)°. The P=N 
distance along with the remainder of the ligand metric parameters are unexceptional.
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Br(1)
Figure 3.2: ORTEP of 3.1; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A ) angles (°): N i(l)-N (l) 2.019(3), Ni(l)-N(2) 2.036(3), 
N i(l)-B r(l) 2.331(1), Ni(l)-Br(2) 2.419(1), P(l)-N (l) 1.605(3), P(l)-C(7) 1.803(4), P(l)- 
C(25) 1.803(4), P (l)-C (l) 1.816(4), N(l)-C(13) 1.473(4), N(2)-C(26) 1.286(4), N(2)- 
C(28) 1.469(4), C(25)-C(26) 1.513(5), N(l)-Ni(l)-N(2) 98.2(1), N (l)-N i(l)-B r(l) 
112.29(9), N(2)-Ni(l)-Br(l) 119.33(9), N(l)-Ni(l)-Br(2) 110.53(8), N(2)-Ni(l)-Br(2) 
96.71(9), Br(l)-Ni(l)-Br(2) 117.35(4), C(13)-N(l)-P(l) 119.1(2), C(13)-N(l)-Ni(l) 
120.7(2), P(l)-N (l)-N i(l) 118.4(2), C(26)-N(2)-C(28) 118.2(3), C(26)-N(2)-Ni(l) 
120.1(2), C(28)-N(2)-Ni(l) 121.7(2).
In a similar synthetic procedure, attempts to react 2.4 with (PhCN^PdCE did not result in 
the square-planar species ((C6H3z'-Pr2)NC(Me)CH2PPh2(NC6H3z'-Pr2))PdCl2. The nature 
o f the product(s) remains unclear. In contrast to the related diimine ligands,61 the 
presence o f the sterically bulky diphenyl-phosphino fragment in the backbone o f 4 may 
force the N-Ar ring further forward than a methyl group, increasing the in-plane steric 
congestion and preventing this seemingly straightforward complexation from occurring.
Reaction o f 2.5 (generated in situ from 2.4 and n-BuLi) with NiBr2(DME) in THF 
proceeds smoothly to give the complex formulated on the basis of magnetic susceptibility 
and analytical data as red/black [((C6H3z'-Pr2)NC(Me)CHPPh2(NC6H3z'-Pr2))Ni(p- 
Br)2Li(THF)2] 3.2 (Figure 3.1). An X-ray structure determination confirmed this 
formulation (Figure 3.3). The structure o f 3.2 is similar to that reported very recently for 
the NacNac analog [NacNacNi(p-Cl)2Li(THF)(Et2 0 )J.66 The geometry about Ni is 
pseudo-tetrahedral, with two N and two Br atoms making up the coordination sphere. 
The Ni-N distances in 3.2 of 2.000(7) A  and 1.988(6) A  are shorter than those seen in 3.1
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consistent with the anionic nature of the ligand in 3.2. This is also reflected in the 
shortening of the central-C-imine-C distance, which was found to be 1.39(1) compared to 
the distance o f 1.513(5) A  found in 3.1. In a similar fashion the P-C bond involving the 
central carbon is also shortened to 1.73(1) A  compared to that of 1.803(4) A  found in 3.1. 
These features o f the anionic ligand also gives rise to a larger bite-angle (N-Ni-N) o f the 
chelate (101.0(3)°) ligand. Similarly the Ni-Br bond lengths (2.459(2) A , 2.443(2) A ) are 
longer compared to those in 3.1 as well, presumably a result of the bridging to Li. The 
longer Ni-Br distances also accommodate a smaller Br-Ni-Br angle o f 96.12(5)°. The Li- 
Br distances were found to be 2.55(2) A  and 2.52(2) A  while the Li- 0  distances were 
typical.
Figure 3.3: ORTEP of 3.2; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A ) angles (°): Ni(l)-N(2) 1.988(6), N i(l)-N (l) 2.000(7), 
Ni(l)-Br(2) 2.443(2), N i(l)-B r(l) 2.459(2), B r(l)-L i(l) 2.55(2), Br(2)-Li(l) 2.52(2), 
P (l)-N (l) 1.628(7), P(l)-C(38) 1.73(1), P(l)-C (l) 1.83(1), P(l)-C(7) 1.826(9), N (l)- 
C(18) 1.43(1), N(2)-C(37) 1.34(1), N(2)-C(25) 1.43(1), 0(1)-Li(l) 1.98(2), 0(2)-L i(l) 
1.93(2), N(2)-Ni(l)-N(l) 101.0(3), N(2)-Ni(l)-Br(2) 129.6(2), N(l)-Ni(l)-Br(2) 
108.7(2), N(2)-Ni(l)-Br(l) 105.5(2), N (l)-N i(l)-B r(l) 117.1(2), Br(2)-Ni(l)-Br(l) 
96.12(5), N i(l)-B r(l)-L i(l) 83.8(4), N i(l)-Br(2)-Li(l) 84.8(4), C(18)-N(l)-P(l) 121.6(5), 
C(18)-N(l)-Ni(l) 120.2(5), P(l)-N (l)-N i(l) 118.2(4), C(37)-N(2)-Ni(l) 124.0(7), C(25)- 
N(2)-Ni(l) 115.2(5).
In related syntheses 3.2 was generated in situ and reacted with NiBr2(DME) and one 
equivalent o f PPI13 (Figure 3.4). This yielded deep red crystals o f 3.3 in 57% yield. This 
species was diamagnetic, indicating a square planar geometry around the nickel(II) 
center.
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Aiv .Ar 1. n-BuLi X\  / PPhs
2 . MX2, PPh3 A  /
I I  ------------------------ Ar— N j >  6
V P h  t h f  pn  N— Ar
2 4  ph MX2 = NiBr2(DME) Ph Ph
PdCI2(PhCN)2 3.3 M = Ni, X = Br
3.4 M= Pd, X = Cl
Figure 3.4: Formation of four-membered pseudo square planar metal complexes.
^ P l'H }  NMR spectrum of 3.3 showed resonances at 24.6 and 18.0 ppm with a P-P 
coupling o f 39 Hz. 13C{1H} NMR data revealed a resonance at 6.1 ppm featuring a 
doublet of doublets with one- and two-bond coupling constants of 76 Hz and 17 Hz, 
respectively, which suggested metalation of the central carbon o f the ligand. X-ray data 
confirmed the formulation as ((C6H3/-Pr2)NC(Me)CHPPh2(NC6H3z'-Pr2))NiBr(PPh3) 3.3. 
The structure o f  3.3 is pseudo-square planar at Ni (sum of angles -  353.5°) with 
coordination o f the phosphinimine-imine ligand via the phosphinimine-N and the central 
C atom (Figure 3.5). Similar four-membered MCPN rings have been observed for Rh 
and Ir mono-162 and-hfr-163-(phosphinimino)methane complexes. The imine fragment o f
3.3 does not bind to the metal but rather dangles free, adopting a position which is 
pseudo-/ram’ to the axial phenyl ring on the P adjacent the central carbon. The Ni-N 
distance is 1.946(5) A  while the Ni-C distance is 2.023(6) A . This tight four-membered 
chelate ring gives rise to the small bite angle o f 78.8(2)° as well as the relatively short 
transannular Ni-P distance o f 2.570(3) A . Approximately trans to the ring-C is a Br atom 
(C-Ni-Br 170.0(2)°), while the ligand PPh3 is pseudo-frans to the N (N-Ni-P 165.4(2)°). 
The Ni-P distance in this case is 2.201(3) A  while the Ni-Br distance o f 2.341(3) A  is 
similar to that seen in 3.1. The ring-C of the ligand to imine-C bond is lengthened to 
1.485(9) A  compared to that seen in 3.2 consistent with localization of the ligand anionic 
charge on the central carbon. In contrast the P-N distance in 3.3 is 1.589(6) A, slightly 
shorter than that seen in 3.1 and 3.2. This may result from a decrease in the Lewis acidity 
o f the Ni as a result of effective electron donation from the coordinated carbon atom.
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Figure 3.5: ORTEP o f 3.3; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A ) angles (°): 7: N i(l)-N (l) 1.946(5), Ni(l)-C(27) 
2.023(6), Ni(l)-P(2) 2.201(3), N i(l)-B r(l) 2.341(3), N i(l)-P(l) 2.570(3), P (l)-N (l) 
1.589(6), P(l)-C(27) 1.778(7), P (l)-C (l) 1.807(6), P(l)-C(7) 1.822(7), P(2)-C(44) 
1.829(7), P(2)-C(52) 1.830(7), P(2)-C(46) 1.839(7), N(l)-C(28) 1.425(8), N(2)-C(25) 
1.268(8), N(2)-C(13) 1.421(9), C(25)-C(27) 1.485(9), N(l)-Ni(l)-C(27) 78.8(2), N (l)- 
Ni(l)-P(2) 165.4(2), C(27)-Ni(l)-P(2) 98.4(2), N (l)-N i(l)-B r(l) 93.6(2), C(27)-Ni(l)- 
B r(l) 170.0(2), P(2)-Ni(l)-Br(l) 90.53(7), C(27)-Ni(l)-P(l) 43.5(2), P(2)-N i(l)-P(l) 
133.37(7), B r(l)-N i(l)-P(l) 130.59(9), C(28)-N(l)-Ni(l) 131.0(4), P (l)-N (l)-N i(l) 
92.7(2), C(25)-N(2)-C(13) 124.3(6).
In a similar fashion, brown crystals o f the analogous Pd species, ((C6H3/- 
Pr2)NC(Me)CHPPh2(NC6H3/-Pr2))PdCl(PPh3) 3.4, were prepared in 57% isolated yield. 
The 31P{'H} NMR spectrum of 3.4 showed resonances at 29.2 and 25.5 ppm with a P-P 
coupling o f 15 Hz, consistent with the formulation. X-ray crystallographic studies o f the 
revealed that 3.4 is structurally analogous to 3.3 (Figure 3.6), again with the 
phosphinimine-imine ligand bound in an N-C fashion through the phosphinimine N and 
the central C o f the ligand. The Pd-N and Pd-C distances are 2.115(4) A  and 2.141(5) A , 
respectively. The longer bond lengths in the Pd complex compared to 3.3 result in a N- 
Pd-C bite angle that is significant larger (95.9(1)°). The transannular Pd-P distance is 
2.698(2) A , longer than corresponding distance in 3.3 as expected due to the larger size of 
Pd compared to Ni. However, the P-N distance in 3.4 of 1.592(4) A  is similar to that 
seen in 3.3.








Figure 3.6: ORTEP of 3.4; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): Pd(l)-N (l) 2.115(4), Pd(l)-C(25) 2.141(5), 
Pd(l)-P(2) 2.272(2), Pd(l)-C l(l) 2.335(2), Pd(l)-P (l) 2.698(2), P (l)-N (l) 1.592(4), P(l)- 
C(25) 1.791(5), P(l)-C(7) 1.808(6), P(l)-C (l) 1.848(6), P(2)-C(52) 1.815(6), P(2)-C(40) 
1.828(6), P(2)-C(46) 1.839(6), N(l)-C(13) 1.439(6), N(2)-C(26) 1.279(6), N(2)-C(28) 
1.440(7), C(25)-C(26) 1.484(7), N(l)-Pd(l)-C(25) 74.4(2), N(l)-Pd(l)-P(2) 165.2(1), 
C(25)-Pd(l)-P(2) 101.2(1), N (l)-Pd(l)-C l(l) 95.9(1), C(25)-Pd(l)-Cl(l) 168.6(1), P(2)- 
Pd(l)-C l(l) 89.71(7), N (l)-Pd(l)-P(l) 36.12(11), C(25)-Pd(l)-P(l) 41.5(1), P(2)-Pd(l)- 
P (l) 133.76(6), Cl( 1 )-Pd( 1 )-P( 1) 130.58(5), C(13)-N(l)-P(l) 134.7(4), C(13)-N(l)-Pd(l) 
131.2(3), P(l)-N (l)-Pd(l) 92.3(2), C(26)-N(2)-C(28) 121.4(4).
3.3.2 Phosphine Oxide-Imine Late Metal Complexes
Reaction of 2.3 with NiBro(DME) in toluene gave a blue precipitate (Figure 3.7), which 
could be purified by layering a CH2CI2 solution with pentane, giving bright blue block­
shaped crystals.
B r. j3 r
NiBr2(DME)
toluene
Figure 3.7: Formation of phosphine oxide-imine nickel complex.
Single crystal X-ray diffraction confirmed the formation as ((C6H3/- 
Pr2)NC(Me)CH2PPh2(0 ))NiBr2 3.5 (Figure 3.8). The six-membered chelate takes on a 
boat configuration with the nickel and methylene carbon atoms forming the bow and 
stem. The P(l)-0(1) distance (1.512(4) A) and the N(l)-C(2 ) distance (1.290(8) A) are
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slightly longer than in the corresponding free ligand (1.489(2) and 1.273(3) A, 
respectively), which is expected upon coordination to the nickel center. The N i(l)-N (l) 
distance (2.025(5) A) is similar to the imine N-Ni distance (2.036(3) A) in 3.1. Similarly, 
the N i(l)-0(1) distance (1.989(4) A) is slightly shorter than in trans- 
(Ph2P(0)CH2Py)2NiCl2 (2.053(2) A).164
Figure 3.8: ORTEP o f 3.5; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): N i(l)-0(1) 1.989(4), N i(l)-N (l) 2.025(5), 
N i(l)-B r(l) 2.340(2), Ni(l)-Br(2) 2.388(2), P(l)-0(1) 1.512(4), P (l)-C (l) 1.820(6), 
N(l)-C(2) 1.290(8), C(l)-C(2) 1.494(9), 0(1)-N i(l)-N (l) 95.0(2), 0(1)-N i(l)-B r(l) 
112.2(1), N (l)-N i(l)-B r(l) 120.0(2), 0(1)-Ni(l)-Br(2) 103.6(1), N(l)-Ni(l)-Br(2) 
103.1(2), Br(l)-Ni(l)-Br(2) 119.25(6), 0(1)-P(1)-C(1) 111.3(3), P(l)-0(1)-N i(l) 
119.2(2), C(2)-N(l)-Ni(l) 122.4(4), C(2)-C(l)-P(l) 113.9(4), N (l)-C(2)-C(l) 119.7(5).
3.3.3 Imidoyl Amidine Late Metal Complexes
The reaction o f metal halide in toluene or xylenes with ligand 2.9 at elevated 
temperatures afforded the complexes (z-Pr2C6H3N)C(Me)(NC6H3Z-Pr2)C(Me)(NC6H3Z- 
Pr2)MCl2 (M = Fe 3.6, Co 3.7, Ni 3.8) in yields of 79%, 87% and 86%, respectively 
(Figure 3.9). In the latter case, formation of the NiBr2 complex required the more forcing 
conditions o f four days of heating in xylenes at 140°C to form 3.8. These harsh 
conditions stand in contrast to those required for the synthesis of NacNacHNiBr261 and 
((z'-Pr2C6H3N)C(Me))2NiBr257 which form readily at room temperature. Magnetic 
susceptibility measurements for 3.6, 3.7 and 3.8 gave magnetic moments o f 5.79, 3.35 
and 4.98 pB, respectively, consistent with these formulations. In a similar fashion, the 
straightforward reaction o f 2.9 with equimolar amounts o f CuBr2 or ZnBr2 in THF at 
room temperature gave compounds (z-Pr2C6H3N)C(Me)(NC6H3Z-Pr2)C(Me)(NC6H3Z-
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Pr2)MBr2 (M = Cu 3.9, Zn 3.10, Figure 3.9). Magnetic susceptibility measurements of
broadened lines, as expected for a paramagnetic compound, while the spectrum of 3.10 
was similar to the free ligand.
Figure 3.9: Formation of imidoyl amidine late metal dihalides.
Crystallographic analysis shows that the metal complexes are all similar in appearance, 
with the metal center in a pseudo-tetrahedral configuration coordinated to two halide 
atoms and the imidoyl amidine ligand 2.9 (Figure 3.10). The M-N distances fall between 
1.958(6) A and 2.096(3) A, while the N=C distance o f the imine fragments only vary 
from 1.287(6) A to 1.32(1) A, which compare to those found in the free ligand 2.9 
(1.269(3) A and 1.272(3) A). The X-M-X distances range from 106.82(7)° for Cu 
complex 3.9 to 120.14(8)° for Fe complex 3.6. The ligand bite angles range from 84.6(2) 
A for 3.6 to 90.1(3) A for 3.9.
3.9 gave a magnetic moment of 1.99 ge- The 'H NMR spectrum of 3.9 gave severely
Ar 3.6: MX2 = FeCI2, refluxing toluene 
3.7: MX2 = CoCI2, refluxing toluene 
3.8: MX2 = NiBr2, refluxing xylenes 
3.9: MX2 = CuBr2, THF, room temp. 











Figure 3.10: ORTEPs of compounds 3.6-3.9; 30% thermal ellipsoids are shown. 
Hydrogen atoms are omitted for clarity. Distances (A) angles (°). 3.6: Fe(l)-N (l)
2.096(3), Fe(l)-C l(l) 2.235(2), Fe(l)-Cl(2) 2.252(2), N (l)-C (l) 1.297(4), N(l)-C(3) 
1.469(4), N(2)-C(l) 1.409(4), C(l)-C(2) 1.500(4), N (l)-Fe(l)-N (l)# l 84.6(2), N (l)- 
Fe(l)-C l(l) 110.87(9), N(l)-Fe(l)-Cl(2) 112.43(9), Cl(l)-Fe(l)-Cl(2) 120.14(8), C (l)- 
N (l)-Fe(l) 128.4(2), C(l)-N(2)-C(l)#l 128.0(4), N (l)-C(l)-N(2) 122.2(3), N (l)-C (l)- 
C(2) 122.6(3), N(2)-C(l)-C(2) 115.3(3). 3.7: Co(l)-N (l) 1.999(3), C o(l)-C l(l) 2.219(2), 
Co(l)-Cl(2) 2.216(2), N(l)-C(13) 1.299(4), N(2)-C(13) 1.399(4), C(13)-C(14) 1.492(5), 
N (l)# l-C o(l)-N (l) 89.8(2), N (l)-C o(l)-C l(l) 108.3(1), N(l)-Co(l)-Cl(2) 115.18(9), 
C l(l)-Co(l)-Cl(2) 116.79(8), C(13)-N(l)-Co(l) 125.5(2), N(l)-C(13)-N(2) 122.1(3), 
N(l)-C(13)-C(14) 121.6(3), N(2)-C(13)-C(14) 116.3(3). 3.8 (one of the two in the 
asymmetric unit): Ni(l)-N(2) 1.996(5), N i(l)-N (l) 1.997(4), N i(l)-B r(l) 2.328(2), N i(l)- 
Br(2) 2.394(2), N(l)-C(13) 1.287(6), N(2)-C(14) 1.290(6), N(3)-C(14) 1.409(7), N(3)- 
C(13) 1.417(6), C(13)-C(15) 1.505(7), C(14)-C(16) 1.516(7), N(2)-Ni(l)-N(l) 89.8 (2), 
N (2)-N i(l)-Br(l) 123.7(1), N (l)-N i(l)-Br(l) 114.3(2), N(2)-Ni(l)-Br(2) 101.5(1), N (l)- 
Ni(l)-Br(2) 105.0(1), Br(l)-Ni(l)-Br(2) 117.93(4), C(13)-N(l)-Ni(l) 122.7(3), C(14)- 
N(2)-Ni(l) 124.1(4), C(14)-N(3)-C(13) 126.2(4), N(l)-C(13)-N(3) 123.0(5), N(l)-C(13)- 
C(15) 121.7(5), N(3)-C(13)-C(15) 115.4(4), N(2)-C(14)-N(3) 122.9(5), N(2)-C(14)- 
C(16) 121.9(5), N(3)-C(14)-C(16) 115.2(4). 3.9: Cu(l)-N(2) 1.958(6), C u(l)-N (l)
1.986(8), C u(l)-B r(l) 2.346(2), Cu(l)-Br(2) 2.389(2), N(l)-C(26) 1.32(1), N(2)-C(25) 
1.30(1), N(3)-C(26) 1.40(1), N(3)-C(25) 1.41(1), C(25)-C(27) 1.52(1), C(26)-C(28) 
1.51(1), N(2)-Cu(l)-N (l) 90.1(3), N(2)-Cu(l)-Br(l) 132.9(2), N (l)-C u(l)-B r(l)
105.8(2), N(2)-Cu(l)-Br(2) 102.3(2), N(l)-Cu(l)-Br(2) 119.9(2), Br(l)-Cu(l)-Br(2)
106.82(7), C(26)-N(l)-Cu(l) 123.2(6), C(25)-N(2)-Cu(l) 125.8(6), C(26)-N(3)-C(25) 
126.7(7), N(2)-C(25)-N(3) 122.6(7), N(2)-C(25)-C(27) 122.2(8), N(3)-C(25)-C(27)
115.1(7), N(l)-C(26)-N(3) 121.6(8), N(l)-C(26)-C(28) 122.4(7), N(3)-C(26)-C(28)
115.9(7).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
In an attempt to form an Fe(II) cation, 3.6 was reacted with [Li(OEt2)2][B(C6F5)4]. 
Instead the yellow adduct [(/-Pr2C6H3N)(C(Me)(NC6H3/-Pr2))2Fe(p- 
Cl)2Li(OEt2)2][B(C6F5)4] 3.11 was isolated in 41% yield (Figure 3.11).
3.11
Figure 3.11: Lithium adduct o f iron compound 3.6.
Crystallographic characterization o f 3.11 revealed a pseudo-tetrahedral geometry about 
Fe in which two chlorine atoms bridge the Fe and Li atoms (Figure 3.12). The pseudo- 
tetrahedral coordination sphere of Li is filled by the coordination o f two molecules o f 
diethyl ether. The Fe-N distances average 2.034(4) A which is shorter than that observed 
for 3.6, consistent with a more electron deficient metal center as a result o f the bridging 
of the chloride ligands to Li. This view is also consistent with the longer average Fe-Cl 
bond length of 2.277(2) A. A consequence o f the bridging Cl atoms is also a small 
increase in the ligand bite angle to 86.2(1)°. The Li-Cl bond length in 7 are found to be 
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Figure 3.12: ORTEP of the cation of 3.11, 30% thermal ellipsoids are shown. Hydrogen 
atoms are omitted for clarity. Distances (A) angles (°): Fe(l)-N(3) 2.030(4), Fe(l)-N (l) 
2.034(3), Fe(l)-Cl(2) 2.271(2), Fe(l)-Cl(l) 2.284(2), Fe(l)-Li(l) 3.163(9), C l(l)-L i(l) 
2.47(1), Cl(2)-Li(l) 2.35(1), N(l)-C(37) 1.291(5), N (l)-C (l) 1.451(5), N(2)-C(13) 
1.466(5), L i(l)-0(2) 1.94(1), L i(l)-0(1) 1.97(1), N(3)-Fe(l)-N(l) 86.2(1), N(3)-Fe(l)- 
Cl(2) 123.9(1), N(l)-Fe(l)-Cl(2) 114.7(1), N(3)-Fe(l)-Cl(l) 113.5(1), N (l)-Fe(l)-C l(l) 
121.8(1), Cl(2)-Fe(l)-Cl(l) 98.82(7), 0 (2 )-L i(l)-0 (l) 114.8(5), 0(2)-Li(l)-Cl(2) 
113.6(5), 0(1)-Li(l)-Cl(2) 106.8(5), 0(2)-L i(l)-C l(l) 111.3(5), 0(1)-L i(l)-C l(l) 
116.5(5).
Alkylation o f 3.6 with one equivalent of LiCH2TMS in toluene proceeds to give (i- 
Pr2C6H3N)(C(Me)(NC6H3z'-Pr2))2FeClCH2TMS 3.12 in a 55% isolated yield (Figure 
3.13). The magnetic susceptibility of 3.12 was determined to be 5.61 jib, consistent with a 
high spin Fe(II) species.
Figure 3.13: Formation of iron(II) alkyl chloride.
X-ray structural study o f 3.12 confirmed this formulation, with the molecule residing on a 
crystallographically imposed mirror plane that bisects the ligand and passes through the 
pseudo-tetrahedral Fe center and the plane containing Cl and the (CH2TMS) fragment 
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expected lengthening of the Fe-N bond length to 2.114(3) A. Similarly the Fe-Cl 
distance of 2.276(2) A in 3.12 is longer than that found in 3.6. The longer Fe-N distance 
also results in a slightly smaller ligand bite angle o f 83.0(1)°. Attempts to further alkylate 
3.12 with LiCH2TMS were unsuccessful, presumably a reflection o f the steric crowding 
about the Fe center. In addition, attempts to alkylate with MeLi or f-BuLi were also 
unsuccessful, leading to apparent compound degradation.
Figure 3.14: ORTEP of 3.12, 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): Fe(l)-C(26) 2.038(6), Fe(l)-N (l) 2.114(3), 
Fe(l)-C l(l) 2.276(2), N (l)-C (l) 1.281(4), N(l)-C(3) 1.454(4), C(26)-Fe(l)-N(l) 
117.7(1), N (l)-Fe(l)-N (l) 83.0(1), C(26)-Fe(l)-Cl(l) 124.9(2), N (l)-Fe(l)-C l(l) 
102.50(7), C (l)-N (l)-Fe(l) 127.9(2).
Reaction of 2.9 with [(T]3-C3H5)NiBr]2 and [Na][B(3 ,5 -(CF3)2C6H3)4] afforded the salt [(/- 
Pr2C6H3N)(C(Me)(NC6H3KPr2))2Ni(Ti3-C3H5)][B(3 ,5-(CF3)2C6H3)4] 3.13 in 33% isolated 
yield (Figure 3.15).







x Ar Ol -C3H5NiBr)2 
N [Na][B(3,5-CF3-C6H3)4]
CH2CI2







Figure 3.15: Formation o f a cationic nickel r)3-allyl species.
The *H NMR spectrum of 3.13 was consistent with this formulation and indicative o f an 
r |3-bonding mode o f the allyl fragment. Variable temperature 'H NMR studies (-90 to 
35°C) show no change in the allyl signals, reflecting the absence of dynamic behavior. 
Attempts to react 3.13 with CO, ethylene or PhPHF were unsucessful, even under forcing 
conditions (refluxing toluene) again reflecting the robustness o f the r\ -bonding mode of 
the allyl fragment. X-ray data confirmed this binding mode (Figure 3.16). The Ni-N 
distances in 3.13 were found to be 1.915(6) A and 1.916(6) A. These distances are 
shorter than those found in 3.8 and are consistent with the presence of the formal positive 
charge. The Ni-allyl interaction results in Ni-C bond lengths o f 1.96(2) A, 2 .0 2 (1) A and 
2.05(1) A, typical o f the ri3-bonding mode .62,165
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Figure 3.16: ORTEP of 3.13, 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): N i(l)-N (l) 1.915(6), Ni(l)-N(2) 1.916(6), 
Ni(l)-C(42) 1.96(2), Ni(l)-C(41) 2.02(1), Ni(l)-C(43) 2.05(1), N(l)-C(3) 1.306(8), N(2)- 
C (l) 1.290(8), N(l)-Ni(l)-N(2) 92.1(2), N(l)-Ni(l)-C(42) 134.4(7), N(2)-Ni(l)-C(42) 
131.9(7), N(l)-Ni(l)-C(41) 168.9(4), N(2)-Ni(l)-C(41) 98.1(4), C(42)-Ni(l)-C(41) 
37.1(7), N(l)-N i(l)-C(43) 97.6(4), N(2)-Ni(l)-C(43) 170.2(4), C(42)-Ni(I)-C(43) 
38.5(7), C(41)-Ni(l)-C(43) 72.2(5), C(3)-N(l)-Ni(l) 127.7(4), C(41) C(42) C(43) 135(2).
Finally, reactions o f 3.8 with Super-Hydride® afforded brown-red crystals o f 3.14 in 
45% yield after recrystallization (Figure 3.17). The magnetic susceptibility o f 3.14 was 
determined to be 2.87 Pb-
Figure 3.17: Reaction o f 3.8 with Super-Hydride® to give the borane stabilized Ni(I) 
hydride species.
X-ray data showed the formulation o f 3.14 to be (/-Pr2C6H3N)(C(Me)(NC6H3Z- 
Pf2))2NiH2BEt2, which is formally a Ni(I) species with bridging hydrides between the Ni 
and B centers, resulting in a pseudo-square planar geometry about Ni (Figure 3.18). The 
Ni-N distances average 1.947(2) A, while the Ni-B separation is 2.165(4) A. Location 
and refinement o f the hydride atoms revealed an average Ni-H distance o f 1.70(1) A and
Et Et
B\  ,̂ r 
An . .Ni. .A r
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B-H distances o f 1.20(1) A. This reaction differs from the reaction o f dippeNiCF with 
Super-Hydride®, which offers the dimeric nickel (I) hydride (dippeNiH)2.166 
Presumably, the increased steric bulk of ligand 9 precludes dimerization of the nickel (I) 
hydride and favours the formation o f the borane stabilized species. Attempts to remove 
borane from 3.14 via reaction with n-BuLi were unsuccessful and resulted only in 
recovery o f the ligand. In addition, 3.14 proved to be unreactive towards PhPH? or BHT.
Figure 3.18: ORTEP of 3 .14 ,30% thermal ellipsoids are shown. Hydrogen atoms (except 
H (l) and H(2)) are omitted for clarity. Distances (A) angles (°): N i(l)-N (l) 1.946(2), 
Ni(l)-N(3) 1.949(2), N i(l)-B (l) 2.165(4), B(l)-C(41) 1.600(6), B(l)-C(43) 1.616(6), 
N(l)-C(5) 1.456(4), N(3)-C(3) 1.305(4), N(3)-C(29) 1.447(4), N(l)-Ni(l)-N(3) 89.5(1), 
N (l)-N i(l)-B (l) 138.4(1), N(3)-Ni(l)-B(l) 132.2(1), C(41)-B(l)-C(43) 114.6(3), C(41)- 
B (l)-N i(l) 119.8(3), C(43)-B(l)-Ni(l) 125.5(3), C(l)-N (l)-N i(l) 130.1(2).
3.3.4 Rhodium Chemistry with Phosphinimine-Imine and NacNac Ligand Systems
Reaction o f 2.5 (prepared in situ) with an equimolar amount o f (Rh(CO)2Cl)2 gave bright 
yellow crystals o f 3.15 upon workup. In a similar reaction, NacNacLi (prepared in situ 
from n-BuLi and NacNacH) was reacted with (Rh(CO)2Cl)2 to give dark yellow crystals 
o f 3.16 upon workup (Figure 3.19).
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Figure 3.19: Synthesis o f rhodium dicarbonyl complexes.
'H  and 13C {1H } NMR spectral data were consistent with the formation of the rhodium 
carbonyl compounds, with the Rh-bound carbonyl peaks appearing in the 13C NMR 
spectrum as a doublet at 185.9 ppm ( 'J rh -c  = 67.5 Hz) for 3.15 and 184.9 ( 'jR h-c  -  68  Hz) 
for 3.16, in agreement with other examples in the literature.162 The 'H  NMR spectrum of
3.16 reveals the highly symmetric nature of this molecule, featuring one septet for the 
methine and one doublet for the methyl protons o f the four z-Pr groups as well as one 
signal for the imine-C-CH3 groups. This is in contrast to 3.15 in which the dissymmetric 
ligand features two sets of z'-Pr signals from the imine-Ar and phosphinimine-Ar groups. 
In addition, the IR spectrum of 3.15 showed peaks at 2055 and 1987 cm '1, consistent with 
symmetric and asymmetric CO stretches, respectively, while the spectrum o f 3.16 
featured peaks at 2055 and 1988 cm '1. These CO stretches are similar to other diamine 
and bisphosphinimine ligands in the literature (Table 3.2)
Table 3.2: Carbonyl stretching frequencies for selected rhodium compounds.
C o m p o u n d vco ( c m ' 1) R e f e r e n c e
[ R h ( T M E D A ) ( C O ) 2] [C104] 2080-2010a 167
[ C H 2( ( P h 2 ) P N ( 4 - C H 3C 6H 4 )) 2 R h (C O )2] [ C l ] 2077,2012 T68
Et----- 1 1  T V h
\ z - N ^  / N ^ /
/  Rh \/ oc/  Nco  '
2080, 2010 ley
[ C H 2( C ( M e ) N H ) 2R h ( C O ) 2] [BF4] 2090,2040 170 ' " "
C H ( C ( M e ) ( N z - P r 2C 6H 3) ) ( P ( P h 2)( N z -P r 2C 6H 3) R h ( C O ) 2 3.15 2055,1987 T h is  w o r k
C H ( C ( M e ) ( N / - P r 2C 6H 3) ) 2R h ( C O ) 2 3.16 2055,1988 T h is  w o r k
a )  a  r a n g e  i s  r e p o r t e d  f o r  b o t h  p e a k s
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A single crystal X-ray diffraction study of 3.15 revealed a square planar Rh center, with 
two carbonyl ligands located trans to the imine and phosphinimine nitrogen atoms that 
fill the coordination sphere (Figure 3.20). The phosphorus atom is highly distorted from 
the other atoms of the six membered chelate, deviating 0.6944 A from the mean plane 
defined by N(l)-Rh(l)-N(2)-C(4)-C(3). The Rh-N bond lengths are 2.099(3) and 
2.109(3) A, slightly longer than those in [HC(CNH)2Rh(CO)2][BF4] (2.036(3) and 
2.045(4) A)170 and in (HC((l,2-(CN)2(C6H4))Rh(CO)2)2 (average 2.071(4) A).171 The 
Rh-C bond lengths are 1.837(5) and 1.844(5) A, shorter than those reported for 
[HC(CNH)2Rh(CO)2][BF4] (1.864(5) and 1.881(6) A) and (HC((1,2- 
(CN)2(C6H4))Rh(CO)2)2 (average 1.864(6) A). In addition, the C-O bond lengths are 
longer in 3.15 (1.144(5) and 1.145(5) A) than in [HC(CNH)2Rh(CO)2][BF4] (1.119(6) 
and 1.104(7) A). These longer bond lengths are reflected in the lower frequency o f C -0  
stretches in 3.15 (Table 3.2).
Figure 3.20: ORTEP o f 3.15; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): R h(l)-C (l) 1.837(5), Rh(l)-C(2) 1.844(5), 
R h(l)-N (l) 2.099(3), Rh(l)-N(2) 2.109(3), P (l)-N (l) 1.610(3), P(l)-C(3) 1.726(4), N(2)- 
C(4) 1.353(5), 0(1)-C(1) 1.144(5), 0(2)-C(2) 1.145(5), C(3)-C(4) 1.352(6), C (l)-Rh(l)- 
C(2) 87.0(2), C (l)-R h(l)-N (l) 88.2(2), C(2)-Rh(l)-N(l) 171.8(2), C(l)-Rh(l)-N(2) 
171.5(2), C(2)-Rh(l)-N(2) 91.2(2), N(l)-Rh(l)-N(2) 94.5(1), N (l)-P(l)-C(3) 113.1(2), 
P (l)-N (l)-R h(l) 113.3(2), C(4)-N(2)-Rh(l) 128.4(3), 0(1)-C (l)-R h(l) 174.2(5), 0(2)- 
C(2)-Rh(l) 173.8(5), C(4)-C(3)-P(l) 122.3(3), C(3)-C(4)-N(2) 124.7(4).
Crystallographic characterization o f 3.16 also reveals a square planar arrangement around 
the Rh center (Figure 3.21). In contrast to 3.15, the Rh-NacNac six membered chelate is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
essentially planar. However, due to the poor quality o f the data set, exact structural 
parameters cannot be ascertained.
Figure 3.21: ORTEP of 3.16; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity.
Reaction of NacNacLi(Et20) with ((COE)Rh(p-Cl))2 in Et20 gives a dark brown/black 
solution upon stirring overnight. Work-up of this reaction afforded the dark brown 
crystalline product NacNacRh(COE)N2 3.17 in 38% yield (Figure 3.22). Higher isolated 
yields were hampered by the extreme solubility of the product in pentane.
((COE)RhCI)2
26
Figure 3.22: Synthesis o f rhodium cyclooctene complex with a terminally bound N2 unit.
'H NMR data shows a dissymmetric environment around the Rh center, with four sets of 
/Pr-CH3 doublets and two sets of z'Pr-CH septets. In addition, signals consistent with a 
Rh-bound COE ring were present. Infrared spectroscopy showed an absorption at 2175 
cm '1 consistent with a terminally bound N2 molecule. This value is in agreement with the 
recently reported Ir analogue (vNN = 2126 cm '1), however the higher N-N stretching 
frequency indicates a stronger N-N bond. A survey of the literature shows that although 
there are a number of bridged Rh-NN-Rh compounds including (Me2C6H(CH2Pz-
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Pr2)2Rli)2(|>N2),1172 (Me2C6H(CH2P/-Bu2)(CH2NEt2)Rh)2(|i-N2) ,173 (MeC6H2(CH2P?-
Bu2)2 0 Rh)2(^-N2) ,174 ((/-Pr3P)2RhH)2(|a-N2) 175 and (CH2(P/-Bu2)2RhCH2/-Bu)2(p-N2)176,
177there are few examples of terminally bound Rh-N2 compounds. (Phf-Bu2P)2RhH(N2) , 
(/-Pr3P)2RhCl(N2) 178 and MeCH(CH2CH2Pf-Bu2)2Rh(N2)179 are among the select few that 
have been isolated (Figure 3.23). In these complexes, the presence o f strong c»-donor 
ligands (phosphine, alkyl, aryl) is thought to strengthen the Rh to N2 interaction via 71- 
back bonding.
/-----Pf-Bu2
P/-Pr3 Pf-Bu2Ph /  [
I I \ I
Cl— Rh— N = N  H— Rh— N = N  ------------ )— Rh— N = N
1 1 /P/'-Pr3 Pf-Bu2Ph \
N Pf-Bu2
Figure 3.23: Three terminally bound Rh-N2 molecules found in the literature. 177"179
An X-ray crystallographic study of 3.17 confirmed the presence of terminally bound N2 
and revealed the pseudo-square planar coordination geometry about Rh (Figure 3.24). 
The coordination sphere is composed of the two nitrogen atoms of the NacNac ligand, the 
side-bound olefinic fragment o f COE and a terminally bound dinitrogen molecule. The 
metal bound nitrogen of the N2 fragment forms angles of 179.0(2)° and 88.9(2)° with the 
N atoms of the NacNac ligand consistent with the pseudo-square planar coordination 
geometry.
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Figure 3.24: ORTEP of 3.17; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): Rh(l)-N (l) 2.076(3); Rh(l)-N(2) 2.074(3); 
Rh(l)-N(3) 1.943(4); Rh(l)-C(30) 2.167(5); Rh(l)-C(37) 2.179(5); N (l)-C (l) 1.320(6); 
N(2)-C(4) 1.332(6); N(3)-N(4) 1.091(6); C(37)-C(30) 1.382(6); N(3)-Rh(l)-N(2) 
179.0(2); N(3)-Rh(l)-N(l) 88.9(2); N(2)Rh(l)-N(l) 90.1(1); N(3)-Rh(l)-C(30) 87.9(2); 
N(2)Rh(l)-C(30) 93.0(2); N(l)-Rh(l)-C(30) 161.5(2); N(3)-Rh(l)-C(37) 86.3(2); 
N(2)Rh(l)-C(37) 94.6(2); N(l)-Rh(l)-C(37) 160.6(2); C(30)-Rh(l)-C(37) 37.1(2); N(4)- 
N(3)-Rh(l) 179.6(6).
The NacNac N-Rh bond lengths were found to be 2.076(3) A and 2.074(3) A and the bite 
angle o f the NacNac ligand is 90.1(1)°. These compare with the Rh-N distance and bite 
angle o f 1.955(2) A and 91.3(1)° observed in the three coordinate Rh-olefin complex 
CH(C(Me)(NMe2CeH3))2Rh(COE) that contains a slightly smaller version of the NacNac 
ligand.180 The imine N=C bond distances are typical at 1.320(6) A and 1.332(6) A. The 
COE ligand is 7t-bound to Rh with Rh-C distances of 2.167(5) A and 2.179(5) A and 
corresponding C-C distance is 1.382(6) A. This compares with the previously mentioned 
three coordinate Rh compound, CH(C(Me)(NMe2CeH3))2Rh(COE), containing Rh-C 
distances o f 2.072(5) A and 2.066(6) A with a C-C distance o f 1.398(7) A. Although the 
longer Rh-C distances in 3.17 can be attributed to the increased bulkiness of the NacNac 
ligand, it is more likely caused by the increased electron density at Rh due to the 
coordinated N2 molecule.
The Rh bound N2 has a Rh-N distance o f 1.943(4) A. This is shorter than the Rh-N bond 
distance in (Ph/-Bu2P)2RhH(N2) (1.970(4) A)177 and yet much longer than that in (/- 
Pr3P)2RhCl(N2) (1.885(4) A).178 It is also interesting to note that the RI1-N2 distance in
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3.17 is longer that in the analogous Ir compound (1.903(3) A). This can possibly be 
attributed to more efficient n-back bonding due to better orbital overlap between the 
smaller Rh atom and the N2 ligand. The Rh-N-N angle is nearly linear, with an angle o f 
179.6(6)°. The N-N distance is 1.091(6) A, slightly shorter than in the Ir compound 
(1.107(4) A), consistent with the longer M-N2 bond in 3.17. A number of metrical 
parameters for Rh-N2 and Ir-N2 compounds have been included in Table 3.3.
Table 3.3: Metric Parameters for Selected Rh/Ir-N2 Complexes.3
Com pound M -N A N-N A vNN (cm '1) Ref.
(M e2C6H(CH2P;-Pr 2)2Rh)2(p-N2) 1.969(2) 1.108(3) 2165
172
(M e2C6H(CH2Pr-Bu2)(CH2NEt2)Rh)2(p-N2) 2.021 1.130
173





(CH2(P/-Bu2)2RhCH2r-Bu)2(|u-N2) 1.973(3) 1.106(6) n/a 176
(Ph/-Bu2P)2RhH(N2) 1.970(4) 1.074(7) 2155
177
0-Pr3P)2RhCl(N2) 1.885(4) 0.958(5) 2100 178
MeCH(CH2CH2P/-Bu2)2Rh(N2) 2.032(1) 0.96(1) 2110 179
CH(C(Me)(N/-Pr2C6H3))2Ir(N2)(COE) 1.903(3) 1.107(4) 2126 181
CH(C(Me)(Nf-Pr2C6H3))2Rh(N2)(COE) 3.17 1.943(4) 1.091(6) 2175 This work
CH(C(Me)(NMe2C6H3))2Rh(N2)(COE) 2172 180
a)  B lan k  f ie ld s  in d ica te  that th e  data w e re  n o t a v a ilab le .
3.4 Summary and Conclusions
The reaction o f a variety o f late transisiton metals with sterically demanding 
phosphinimine-imine and diimine-based ligands has been demonstrated and reactivity 
studies on these compounds have been attempted. It has been demonstrated that due to 
the extreme steric congestion o f these ligand systems, reactions that normally occur with 
typical (less bulky) ligand systems are either greatly slowed down or do not occur at all. 
This is exemplified in the Ni-H system where simple organic substrates do not react with 
this typically reactive metal hydride. 166,182' 189 In addition, a rare example of a terminally 
bound rhodium dinitrogen molecule has been presented, highlighting the utility o f 
sterically bulky ligands o f this type.
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Chapter 4
Synthesis and Characterization of Neutral and Cationic 
Aluminum (III) and Gallium (III) Compounds
4.1 Introduction
The use of sterically bulky nitrogen-based ligand systems in the synthesis o f Group 13 
compounds has been the focus of many groups for over ten years. More specifically, 
aluminum-based systems have been utilized for the study of new bonding modes,6' 10’14' 
16,19-23,190,191 ethylene polymerization catalysts41,192,193 and to synthesize 
methylaluminoxane analogues14,15,18 in order to understand the complex structure o f this 
material. In addition, low coordinate Group 13 cations have been prepared, employing 
sterically bulky ligands. In this chapter, the phosphinimine-imine and imidoyl amidine 
ligand systems described in Chapter 2 have been used to isolate a variety o f  neutral 
aluminum and gallium species and their cationic derivatives. The phosphinimine-imine 
complexes and their NacNac analogues are compared to reveal the similarities and 
differences that the phosphinimine fragment imparts on the ligand. The unique reactivity 
o f the imidoyl amidine ligand system is demonstrated and the implications o f the extreme 
steric bulk o f the ligand system are discussed. Finally, the isolation o f the first 
structurally characterized, base-free, three coordinate aluminum hydride cation is 
described, and the ways in which the imidoyl ligand stabilizes this system are outlined.
4.2 Experimental
4.2.1 General Data
All preparations were done under an atmosphere o f dry, 0 2 -free N2 employing either 
Schlenk line techniques or a Vacuum Atmospheres glove box. Hexanes, toluene, 
pentane, CH2CI2, Et2 0  were purified employing a Grubbs’ type solvent purification 
system manufactured by Innovative Technology. Deuterated solvents were dried over 
Na/benzophenone (C6D6) or P20 5 (CD2C12, C6D5C1, C6D5Br). 'H, n B{‘H},
19F and 31P{1H} NMR spectra were recorded on a Bruker Avance-300 and 500 
spectrometers. All spectra were recorded in C6D6 at 25°C unless otherwise noted. Trace
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amounts o f protonated solvent were used as internal references for 'H NMR spectra. The 
deuterated solvent was used as an internal reference for ^C l'H } NMR spectra. The 
chemical shifts for both ‘H and ^C l'H } are reported relative to tetramethylsilane. 
UB{'H}, 19F and 31P{'H} NMR spectra were referenced externally EtfVEtaO, CFCI3 and 
85% H3PO4, respectively. Coupling constants are reported as absolute values. 
Combustion analyses were performed in house employing a PerkinElmer CHN Analyzer. 
AlH3-NEtMe2 (0.5 M in toluene), n-BuLi (1.6 M in hexanes), MeLi (1.6 M in Et2 0 ) 
U AIH 4 and HMe3NCl were purchased from Aldrich Chemical Company and used as 
received. AlMe3 and AII3 were purchased from Strem Chemicals Inc. and used as 
received. BU4NCI was purchased from Fluka and dried under vacuum overnight. 
LiAlD4 was purchased from Jassen Chimica and used as received. Uninhibited THF 
was purchased from EMD and distilled from sodium/benzophenone. Hyflo Super Cel® 
(celite) was purchased from Aldrich Chemical Company and dried for 24 hours in a 
vacuum oven at 150°C prior to use. Molecular sieves (4 A) were purchased from Aldrich 
Chemical Company and dried at 140 °C under vacuum using a rotary vacuum pump. The 
amine-free deuterated alane, (Et2 0 )AlD3, was prepared in situ by the method outlined for 
(Et2 0 )AlH3.156 Deuterated alane AlD3 NMe3 was prepared as outlined. 194 AftCgFs^ was 
prepared following the patent procedure from AlMe3 and B(C6F5)3.195,196 B(C6F5)3 and 
[Ph3C][B(C6F5)4] were supplied by Nova Chemicals Corporation.
4.2.2 Synthesis of Neutral Phosphinimine-imine Aluminum and Gallium  
Complexes
Synthesis of (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlMe2 4.1
To a solution of 4 (0.321 g, 0.556 mmol) in 5 mL pentane was added one equivalent o f 
AlMe3 (0.042 g) in 5 mL pentane. A white precipitate formed over several minutes and 
the mixture was left to stir overnight. Volatiles were removed in vacuo yielding a white 
powder. The material was purified by dissolving in a minimum o f hot n-heptane and 
allowing the solution to cool to room temperature, affording large colorless blocks o f 4.1 
(210 mg) in 60% yield. ‘H NMR 5: 7.50-7.57 (m, 4H, o-PPh2), 6.94-7.12 (m, 12H, m,p-  
PPh2, m, p-Ar), 3.73 (sept, 2H, 3JH-h = 7 Hz, C//(CH3)2), 3.58 (sept, 2H, 3Jh.h = 7 Hz,
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C//(CH3)2), 3.27 (d, 1H, 2JP.H = 19 Hz, PC/7), 1.73 (d, 3H, V H = 2 Hz, Me), 1.38 (d, 6H, 
V h  = 7 Hz, CH(CHih), 1.28 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 1.13 (d, 6 H, V h  = 7 Hz, 
CH(C//3)2), 0.25 (d, 6 H ,3JH-h = 7 Hz, CH(C//3)2), -0.24 (s, 6H AlMe2). ^C i'H } NMR 5:
173.8 (NC), 148.5 (d, JP.C = 5Hz), 145.8, 143.3, 137.9 (d, JP.C = 9 Hz), 134.2 (d, JP.C = 
10Hz), 132.2, 131.6, 130.9, 127.7-128.3 (m, obscured by C6D6), 126.3, 125.9, 124.8, 
124.2, 64.4 (d, ' j P.c -  129 Hz, PCH), 30.2, 28.8, 28.4, 26.2 (d, V c  = 16 Hz, Me), 25.7,
25.1, 14.2, -6.9. 31P{‘H} NMR 5: 24.2. Anal. Calcd for C4iH54A1N2P: C, 77.81; H, 8.60; 
N, 4.43. Found: C: 77.22; H, 8.98; N, 4.40.
Synthesis of (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3i-Pr2)GaMe2 4.2
To a solution o f 305 mg (0.529 mmol) 4 in 10 mL toluene was added 64 mg Ga(CH3)3 
(5% excess) in 5 mL toluene and the mixture was left to stir overnight. Volatiles were 
removed in vacuo yielding a white powder. Dissolution in hot n-heptane and cooling to 
room temperature offered a pure white powder. Yield: 85%. Attempts to grow X-ray 
quality crystals from multiple solvents (toluene, benzene, THF, Et20 , n-heptane) resulted 
only in isolation o f powder or amorphous, cylindrical shaped solids. *H NMR 5: 7.67- 
7.74 (m, 4H, o-PPh2), 7.15-7.25 (m, 12H, m ,p - PPh2, m,p-Ar), 3.82 (sept, 2H, 3JH-h = 7 
Hz, C/7(CH3)2), 3.70 (sept, 2H, V h  = 7 Hz, C//(CH3)2), 3.32 (d, 1H, V h  = 19 Hz, 
PC//), 1.89 (d, 3H, 4Jp.h = 2 Hz, Me), 1.45 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 1.40 (d, 6H, 
3Jh-h = 7 Hz, CH(C//3)2), 1.22 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 0.44 (d, 6H, 3JH-h = 7 Hz, 
CH(C//3)2), 0.16 (s, 6H, GaMe2). 13C{‘H} NMR 8 : 173.0 (N=C), 148.5 (d, JP.C -  6Hz),
145.6, 144.1, 139.1 (d, JP.C = 9Hz), 133.9 (d, JP.C = 9 Hz), 133.3, 131.2, 127.7-128.3 (m, 
obscured by C6D6), 126.1, 125.4, 124.6, 124.1, 62.9 (d, Vc = 134 Hz), 28.6, 28.3, 27.8,
26.2 (d, 2JP.c -  16 Hz, PCH), 25.6, 25.0, 22.2, -4.7. 3,P{'H} NMR 8 : 22.8. Anal. Calcd 
for C4iH54GaN2P: C, 72.89; H, 8.06; N, 4.15. Found: C, 72.46; H, 8.09; N, 4.11.
Synthesis of (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3t-Pr2)AlH24.3
To a solution of 533 mg (0.924 mmol) 4 in 10 mL toluene was added one equivalent o f 
AlH3-NEtMe2 (1.85 mL, 0.5 M solution in toluene). Immediate evolution of gas was 
noted and the mixture was left to stir overnight. Volatiles were removed in vacuo leaving 
a white solid, which was dissolved in a minimum of hot n-heptane to give 337 mg of
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colorless crystals upon cooling. Yield: 60%. *H NMR (major isomer) 5: 7.55-7.61 (m, 
4H, o-PPh2), 6.70-7.29 (m, 12H, m,p-??h2, m ,p-Ar), 4.59 (vbr s, 2H, A1H2) 3.78 (sept, 
2H, 3JH-h = 7 Hz, C//(CH3)2), 3.65 (sept, 2H, 3JH-h = 7 Hz, C//(CH3)2), 3.44 (d, 1H, 2J P.H 
= 22 Hz, P CH), 1.69 (d, 3H, 4J P.H = 1 Hz, Me), 1.47 (d, 6H, 3J H.H = 7 Hz, CH(C/73)2), 
1.28 (d, 6H, V h  = 7 Hz, CH(CH 3)2), 1.26 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 0.37 (d, 6H, 
V h  = 7 Hz, CH(CH 3)2). 13C{'H} NMR (major isomer) 5: 171.3 (N =Q , 148.7 (d, J P.C =  
5 Hz), 147.0, 141.7, 133.9 (d, JP.c = 9H z), 132.1, 131.1, 130.9, 127.7-129.1 (m, obscured 
by C6D6), 127.3, 126.6, 124.8, 124.4, 63.7 (d, J P.C = 127 Hz), 29.5, 28.9, 27.7, 26.3 (d, 
2J P-c = 17 Hz), 26.3(s), 25.2, 22.9. 31P{'H} NMR 8 : 30.0 (major isomer), 24.3 (minor 
isomer). IR (KBr pellet): 1828 (asymmetric Al-H), 1770 (symmetric Al-H) cm '1. Anal. 
Calcd for C39H50A1N2P: C, 77.45; H, 8.33; N, 4.63. Found: 76.95; H, 8.64; N, 4.65.
Synthesis of (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3;-Pr2)AlD2 4.3d
To a suspension o f UAID4 (9 mg, 0.214 mmol) in 5 mL diethyl ether cooled to -30°C was 
added A1C13 (27mg, 0.202 mmol) in 5 mL diethyl ether cooled to the same temperature. 
The mixture was placed in the freezer at -30°C and periodically shaken over a 10 minute 
period. The grey LiAlD4 was slowly replaced with the white precipitate, LiCl. To this 
suspension was added 1 (100 mg, 0.173 mmol) in 5 mL diethyl ether and the mixture was 
allowed to warm up to 25°C overnight with stirring. The mixture was filtered through 
celite and diethyl ether was removed from the filtrate under vacuum. The resulting white 
powder was dissolved in 10 mL hot n-heptane and filtered through celite to remove any 
remaining LiAlD4. Cooling o f the solution overnight gave 63 mg o f colorless needles. 
Yield: 60% 2D NMR (toluene) 8 : 4.55 (br s, A1D2). IR (KBr pellet): 1324 (asymmetric 
Al-D), 1286 (symmetric Al-D) cm '1.
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4.2.3 Formation of Cationic Phosphinimine-imine Aluminum and Gallium  
Complexes
Generation of [(/-P ^ H ^ C tM e^ H P P h atN C eH af-P ^ M M eH B ^ F sM  (M = A1 
4.4, Ga 4.5), [(/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)MMe][B(C6F5)3Me! (M = Al
4.6, Ga 4.7) and [(j-PrzQ H sN^M e^H PPhzfNCeH W -P^AlH H B^FsH H ] 4.8
These compounds were prepared in a similar fashion and thus only one preparation is 
detailed. In a NMR tube, 30 mg (0.047 mmol) o f 4 and one equivalent of 
[Ph3C][B(C6F5)4] (44 mg) were combined in approx. 0.6 mL C6D5CI. The contents were 
shaken until completely dissolved and NMR experiments showed quantitative formation 
of 4.4. 4.4: ‘H NMR (C6D5C1) 8 : 7.03-7.46 (m, 16H, o, m ,p -PPh2, m,p-Ar), 4.32 (d, 1H, 
2Jp.H = 21 Hz, PCH), 3.14 (sept, 2H, 3JH-h = 7 Hz, CH(CH3)2), 2.82 (sept, 2H, 3JH-h = 7 
Hz, Ctf(CH3)2), 1.81 (s, 3H, Me), 1.31 (d, 6H, 3Jh.h = 7 Hz, CH(C7/3)2), 1.25 (d, 6H, V h  
= 7 Hz, CH(Ctf3)2), 0.92 (d, 6H, V h  = 7 Hz, CH(Ctf3)2), 0.37 (d, 6H, V h  = 7 Hz, 
CH(C//3)2), -0.70 (s, 3H, AlMe). NMR (C6D5C1) 5: 170.7, 149.8 (br), 149.2,
147.8 (br), 146.3 (d, JP.C = 4Hz), 144.9, 139.5 (br), 137.7 (br), 135.7 (br), 135.0, 134.4,
134.1, 132.4 (d, Jp_c -  10 Hz), 127.9-129.6 (m, obscured by C6D5C1), 125.6-126.3 (m, 
obscured by C6D5C1), 125.4, 124.9, 124.0, 72.2 (d, JP.C = 113 Hz, PCH), 52.5, 30.4, 29.6,
29.3, 25.5, 24.9 (d, V-c = 16 Hz, Me), 24.5, 23.1,21.6. 31P{]H} NMR (C6D5C1) 5: 31.0. 
n B{'H} NMR (C6D5C1) 8: -16.4. 19F NMR (C6D5C1) 8: 132.2 (d, V f  = 6 Hz), -163.0 (d 
o f d, V -f  = 20 Hz), -166.8 (d o f d, V f  = 17 Hz). 4.5: 'H  NMR (C6D5C1) 8: 7.15-7.55 
(m, 16H, o, m ,p -PPh2, m,p-Ar), 4.38 (d, 1H, 2JP.H = 21 Hz, PCH), 3.22 (sept, 2H, 3JH-h = 
7 Hz, Ctf(CH3)2), 2.95 (sept, 2H, 3JH-h -  7 Hz, Ctf(CH3)2), 1.84 (s, 3H, Me), 1.40 (d, 6H, 
3JH-h = 7 Hz, CH(Ctf3)2), 1.29 (d, 6H, 3JH-h = 7 Hz, CH(C//3)2), 1.03 (d, 6H, 3JH-h = 7 Hz, 
CH(Ctf3)2), 0.49 (d, 6H, 3JH-h = 7 Hz, C H (O f3)2), -0.08 (s, 3H, GaMe). i3C{‘H} NMR 
(C6D5C1) 8: 169.7, 150.6 (br), 149.3, 147.3 (br), 146.2 (d, JP.C = 4 Hz), 144.6, 140.3 (br),
138.4 (br), 135.4, 135.2 (br), 134.4, 132.3 (d, JP.C = 10 Hz), 127.9-129.6 (m, obscured by 
C6D5C1), 125.6-126.3 (m, obscured by C6D5C1), 125.3, 124.9, 124.5, 71.4 (d, V c = 115 
Hz, PCH), 52.7, 30.5, 29.6, 29.0,25.4,25.1 (d, V-c = 16 Hz), 24.5,23.2, 2 2 .1, 21.7, -8.5. 
31P{'H} NMR (C6D5C1) 8 : 32.1. UB{'H} NMR (C6DSC1) 8 : -16.5. 19F NMR (C6D5C1) 8 : 
-132.1 (s), -163.0 (d o f d, V F = 21 Hz), -166.8 (s). 4.6: *H NMR (C6D5C1) 8 : 7.07-7.42 
(m, 16H, o, ?n,p-PPh2, m,p-Ar),  4.32 (d, 1H, V h  = 21 Hz, PCH), 3.12 (sept, 2 H, V -h  -
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
79
7 Hz, Ctf(CH3)2), 2.80 (sept, 2H, 3JH-h = 7 Hz, C//(CH3)2), 1.72 (s, 3H, Me), 1.29 (d, 6H, 
V h  = 7 Hz, CH(C//3)2), 1.23 (s, 3H, Al-Me-B), 1.32 (d, 6H, V h  = 7 Hz, CH(C//3)2), 
0.96 (d, 6H, V h  = 7 Hz, CH(Ctf3)2), 0.35 (d, 6H, 3JH-h = 7 Hz, CH(C773)2), -0.73 (s, 3H, 
AlMe). 13C{‘H} NMR (C6D5C1) 8 : 169.9,150.2 (br), 148.2 (br), 146.5,145.1,138.9 (br),
137.8 (br), 136.9 (br), 135.8 (br), 135.0, 134.4, 132.4 (d, JP.C = 9 Hz), 129.0-129.5 (m, 
obscured by C6D5CI), 128.0-128.5 (m, obscured by C6D5CI), 125.8-126.3 (m, obscured 
by C6D5C1), 125.4, 124.9, 124.1,71.4 (d, V c  = 114 Hz), 29.6, 29.3,25.6, 25.0 (d, V c  = 
17 Hz), 23.2, 21.7, -14.2 (vbr). 31P{'H} NMR (C6D5C1) 8 : 31.4. UB { [H} NMR 
(C6D5C1) 8 : -14.6. ,9F NMR (C6D5C1) 8 : -132.2 (d, V f  = 22  Hz), -164.9 (d o f d, V f  = 
21 Hz), -167.3 (d o f d, V f  = 21 Hz). 4.7: 'H NMR (C6D5C1) 8 : 7.18-7.46 (m, 16H, o, m, 
^-PPh2, m, p -Ar), 4.31 (d, 1H, V H = 20 Hz, PCH), 3.12 (sept, 2H, 3JH-h = 7 Hz, 
CH(CH3)2), 2.85 (sept, 2H, V h  = 7 Hz, Ctf(CH3)2), 1.76 (s, 3H, Me), 1.30 (d, 6 H, V h  
= 7 Hz, CH(CJ73)2), 1.25 (br s, 3H, Ga-Me-B), 1.20 (d, 6H, V h  = 7 Hz, CH(C//3)2), 0.94 
(d, 6H, V h  = 7 Hz, CH(Ctf3)2), 0.39 (d, 6H, V h  = 7 Hz, CH(Ctf3)2), -0.14 (s, 3H, 
GaMe). ‘W  NMR (C6D5C1) 8 : 169.6, 150.8 (br), 147.5 (br), 146.2 (d, JP.C = 4Hz),
144.6, 138.4 (m), 136.8, 135.3, 134.4, 134.1, 132.3 (d, JP.C = 10 Hz), 127.9-129.6 (m, 
obscured by C6D5CI), 125.6-126.3 (m, obscured by C6D5CI), 125.3, 124.9, 124.5, 70.9 (d, 
V-c = 114 Hz, P-C-H), 29.3, 28.9, 25.4, 25.1 (d, V c  = 16 Hz), 24.5, 23.1, 21.7, -9.1. 
31P{‘H} NMR (C6D5C1) 8 : 32.1. n B{'H} NMR (C6D5C1) 8 : -14.7. 19F NMR (C6D5C1) 8 : 
-132.1 (d, V f  = 20  Hz), -164.9 (d of d, V F = 21 Hz), -167.3 (d of d, V f  = 17 Hz). 4.8: 
‘H NMR (C6D5C1) 8 : 7.30-7.55 (m, 16H, o, m ,p-PPh2, m, p-Ar), 4.77 (d, 1H, V H = 22 
Hz, PCH), 4.42 (vbr s, 1H, A1H), 3.96 (vbr s, 1H, A1H), 3.12 (sept, 2H, V h  = 7 Hz, 
C//(CH3)2), 2.80 (sept, 2H, V h  = 7 Hz, Ctf(CH3)2), 1.80 (s, 3H, Me), 1.17 (d, 6 H, V h  
= 7 Hz, CH(C/73)2), 1.12 (d, 6FI, V h  = 7 Hz, CH(CH3)2), 0.96 (d, 6H, 3JH-h = 7 Hz, 
CH(C//3)2), 0.82 (d, 6H, V h  = 7 Hz, CH(C//3)2). 'H  NMR (C6D5C1, -40°C) 8 : 7.13-7.57 
(m, 16H, o, m ,p -PPh2, m,p-Ar), 4.76 (d, 1H, V h  = 23 Hz, PCH), 4.75 (vbr s, 1H, A1H), 
3.89 (vbr s, 1H, A1H), 3.17 (br s, 2H, CH), 2.66 (br s, 2H, CH), 1.74 (s, 3H, Me), 1.27 (br 
s, 6 H, z-Pr), 1.11 (br s, 6H, z-Pr), 0.96 (br s, 6H, z-Pr), 0.90 (br s, 6H, z-Pr). 13C{‘H} 
NMR (C6D5C1) 8 : 172.0, 149.7 (br m), 147.8 (br m), 146.4, 146.0, 137.8 (br m), 136.1,
135.4 (br m), 134.3, 132.6 (d, JP.C = 10 Hz), 127.9-129.6 (m, obscured by C6D5C1), 
125.6-126.3 (m, obscured by C6D5C1), 125.4, 125.2, 124.2, 75.6 (d, V-c = 109 Hz, P-C-
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H), 29.8, 28.6, 25.8, 25.1, 24.7 (d, 2JP.C = 16 Hz), 24.4, 24.0, 22.4. ^ { ‘H} NMR 
(C6D5C1) 6: 30.7. n B { ]U} NMR (C6D5C1) 5: -23.6 (br). 19F NMR (C6D5C1) 5: -132.6 (br 
s), -163.8 (vbr s), -166.4 (br s).
Synthesis of [(/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlH][B(C6F5)4] 4.9
To a solution of 4 (0.183 g, 0.303 mmol) in 3 mL of toluene was slowly added 
[Ph3C][B(C6F5)4] (0.279 g, 0.303 mmol). Over time the orange solution turned colorless 
with the precipitation of a faint yellow oil. After stirring overnight, 15 mL of pentane 
was added and the reaction vial was vigorously shaken. After several minutes a white 
powder separated and the mixture was allowed to stir overnight. The solvent was then 
decanted and the solids washed with 3 x 1 0  mL of pentane and the solid dried to give 10 
in 96% yield. *H NMR (C6D5C1) 8: 7.09-7.53 (m, 16H, o, m, p-PPh2, m, p-Ar), 4.74 (d, 
1H, 2Jp_H = 22 Hz, PCH), approx. 3.95 (vbr s, 1H, A1H), 3.13 (sept, 2H, 3Jh -h  = 7 Hz, 
C//(CH3)2), 2.79 (sept, 2H, 3J H-h = 7 Hz, C//(CH3)2), 1.79 (s, 3H, Me), 1.19 (d, 6H ,3Jh.h 
= 7 Hz, CH(C//3)2), 1.12 (d, 6H, 3J H-h = 7 Hz, CH(C//3)2), 0.96 (d, 6H, 3J H-h = 7 Hz, 
CH(Cff3)2), 0.85 (d ,  6H, 3J H-h = 7 Hz, CH(C//3)2). ‘^ { 'H }  NMR (C6D5C1) 8: 172.1,
150.4 (br), 147.2 (br), 146.5 (d, JP„C -  4 Hz), 146.1, 140.2 (br), 138.4, 137.0 (br), 136.1,
135.1, 134.4, 132.6 (d, JP.C = 10 Hz), 127.9-129.6 (m, obscured by C6D5C1), 125.1-126.3 
(m, obscured by C6D5C1), 124.0, 122.1, 75.5 (d, V c = 109 Hz, P-C-H), 34.3, 29.8, 28.4,
25.9, 25.1, 24.6 (d, 2JP.C = 16 Hz), 24.5, 24.1, 22.6, 14.1. 31P{1H} NMR (C6D5C1) 8:
30.6. n B { {E} NMR (C6D5C1) 8: -20.1. 19F NMR (C6D5C1) 8: -132.2 (s), -163.8 (d o f d, 
3JF-f = 21 Hz), -166.8 (s). IR (KBr pellet): 1644 (A1H) cm'1. Anal. Calcd for 
C63H49A1N2PBF2o: C, 58.99; H, 3.85; N, 2.18. Found: C, 58.87; H, 4.35; N, 2.01.
4.2.4 Synthesis o f Im idoyl Amidine A lum inum  Complexes 
Synthesis of [(i-Pr2C6H3)N(C(Me)NC6H3/-Pr2)2)All2] {A1I4] 4.10
To a solution of 2.9 (0.100 g, 0.172 mmol) in 10 mL toluene was added A1I3 (0.142 g, 
0.344 mmol). The A1I3 slowly dissolved and a precipitate began to form. After 3 days of 
stirring, the solvent was decanted and the remaining solids washed with 3 x 5  mL 
pentane. The colorless solid was dried in vacuo to give 0.175 g o f 4.10. Yield: 73%. X- 
ray quality crystals were grown from a solution in THF layered with toluene. [H NMR
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(CD2C12) 5: 7.13-7.82 (m, 9H, m ,p-Ar), 3.20 (sept, 4H, 3JH-h = 7 Hz, C77(CH3)2), 3.02 
(sept, 2H, 3Jh.h = 7 Hz, Ctf(CH3)2), 2.19 (6H, Me), 1.48 (d, 12H, V h  = 7 Hz, 
CH(C//3)2), 1-37 (d, 12H, V h  = 7 Hz, CH(C//3)2), 1.22 (d, 12H, V h  = 7 Hz, 
CH(Ctf3)2). 13C{‘H} N M R(CD2C12) 8: 176.0, 144.4, 142.7, 135.4, 134.8, 134.5, 131.9,
129.6.128.7.128.5.127.5, 125.8, 30.6, 29.8,26.2, 25.2, 25.0. 27A1 NMR (CD2C12) 8: 
-27.3. Anal. Calcd for C44H65N3Al2l60 : C, 36.01; H, 4.47; N, 3.01. Found: C, 36.30; H, 
4.42; N, 2.86.
Synthesis of [(/-Pr2C6H3)N(C(Me)(NC6H 3i-Pr2)2)AlMe2][Al2Me7] 4.11
To a solution o f 2.9 (0.200 g, 0.35 mmol) in 10 mL o f pentane was added AlMe3 (0.075 
g, 1.03 mmol) of in 15 mL pentane. The mixture was allowed to stir overnight, resulting 
in the formation o f a white precipitate. The solution was decanted, the solids washed 
with 2 x 5  mL pentane and dried under vacuum to give 0.243 g of white powder. Yield: 
88%. 'H NMR (C6D5Br) 8: 7.23-7.41 (m, 9H, m, p -Ar), 2.85 (sept, 4H, V h  = 7 Hz, 
CH(CH3)2), 2.77 (sept, 2H, V h  = 7 Hz, CH(CH3)2), 1.70 (s, 6H, Me), 1.37 (d, 12H, V h  
= 7 Hz, CH(C//3)2), 1.25 (d, 12H, V h  = 7 Hz, CH(C//3)2), 1.08 (d, 12H, V h  = 7 Hz, 
CH(CL/3)2), -0.07 (br s, 21H, Al2Me7), -0.68 (s, 6H, AlMe2). ^ C l’H} NMR (C6D5Br) 8:
171.5, 143.7, 141.4, 135.0, 133.2, 129.0-131.3 (m, obscured by C6D5Br), 127.0, 125.9-
126.5 (m, obscured by C6D5Br), 28.7, 28.5, 24.6, 24.4, 24.1, 23.5, -4.0, -9.9. Anal. Calcd 
for C49H84N3A13: C, 73.92; H, 10.63; N, 5.28. Found: C, 74.07; H, 10.56; N, 5.33.
Synthesis of (/-Pr2C6H3N(C(=CH2)NC6H3i-Pr2)(C(Me)NC6H 3/-Pr2)AlMe2 4.12
In 5 mL of toluene, 2.9 (0.300 g, 0.52 mmol) and AlMe3 (0.0.037 g, 0.52 mmol) were 
combined. Upon refluxing overnight the solution became dark yellow. Removal o f 
volatiles in vacuo gave a yellow solid that was dissolved in hot pentane. Upon cooling to 
-35°C overnight, 0.264 g o f yellow blocks o f 4.12 were collected by filtration. Yield: 
80%. ‘H NMR 8: 7.03-7.37 (m, 9H, m,p-Ai),  3.97 (sept, 2H, V h  = 7 Hz, C//(CH3)2),
3.60 (sept, 2H, V h  = 7 Hz, C//(CH3)2), 3.46 (sept, 2H, 3JH-h = 7 Hz, GH(CH3)2), 2.93 
(d, 1H, V h  = 2 Hz, CH2), 2.66 (d, 1H, V h  = 2 Hz, CH2), 1.57 (d, 6H, V h  = 7 Hz, 
CH(CH3)2), 1.47 (d, 12H, V h  = 7 Hz, CH(Ctf3)2), 1.46 (s, 3H, Me), 1.37 (d, 6H, V h  = 
7 Hz, CH(C//3)2), 1.23 (d, 6H, 3JH.H = 7 Hz, CH(CH3)2), 1.14 (d, 6H, V h  = 7 Hz,
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CH(C//3)2), -0.41 (s, 6H, AlMe2). NMR (partial) 5: 165.9, 156.1, 147.1, 145.9,
143.8, 142.0, 139.4, 138.6, 129.8, 127.7-129.1, 126.2, 125.1, 125.0, 124.6, 123.9, 75.2 
(O C H 2), 28.4, 28.3, 26.5, 25.7, 25.6, 25.0, 24.9, 23.8, 23.7, -8.7. C42H62N3A1: C, 79.32; 
H, 9.83; N, 6.61. Found: C, 79.54; H, 10.16; N, 6.79.
Synthesis of [(/-Pr2C6H3)N(C(=CH2)NC6H3j-Pr2)(C(Me)NC6H3/-Pr2)AlMe(p- 
MeB(C6F5)3] 4.13
To a solution of 4.12 (0.100 g, 0.157 mmol) in 5 mL of toluene was added 0.080 g of 
B(C6F5)3 (0.157 mmol) in 3 mL toluene. The solution was allowed to stir overnight, 
giving a light tan colored solution. The toluene was removed in vacuo and 15 mL of 
pentane was added, followed by sonication for 30 minutes. The resulting colorless 
powder was then washed with 3 x 5  mL pentane and dried under vacuum to give 0.086 g 
o f product. Yield: 48%. 'H NMR (C6D5C1) 6 : 7.03-7.27 (m, 9H, m ,p-Ar), 3.17 (br sept, 
2H, 3JH-h = 7 Hz, G/T(CH3)2), 2.90 (d, 1H, JH-H = 51 Hz, CH2), 2.89 (d, 1H, JH-h = 51 Hz, 
CH2), 2.77 (br sept, 4H, 3JH-h = 7 Hz, CH(CFI3)2), 1.42 (3H, Me), 1.11-1.18 (m, 39H, 
CH(C//3)2, Al-Me-B), -0.81 (br s, AlMe). ^C l'H } NMR (partial, C6D5C1) 8 : 171.5,
152.9, 151.0, 147.7, 147.1, 144.5, 143.0, 139.2, 136.1, 134.6, 132.1, 131.0, 128.0-129.7 
(m, obscured by C6D5CI), 125.7-126.2 (m, obscured by C6D5CI), 125.2, 30.6, 29.4, 25.6,
25.5, 24.9, 24.5, 24.0, 23.6, 23.2. n B{'H} NMR (C6D5C1) 8 : -14.7. 19F NMR (C6D5C1) 8 : 
-138.6 (br s), -171.4 (br s), -173.8 (br s). Anal. Calcd for C6oH62N3AlBFi5.’ C, 62.78; H, 
5.44; N, 3.66. Found: C, 62.75; H, 5.60; N, 3.78.
Synthesis of [(/-Pr2C6H3N(C(Me)NC6H3*-Pr2)2)AlR2][B(C6F5)4] (R = Me 4.14, H 4.15, 
D 4.15d)
These compounds were prepared in a similar fashion and thus only one preparation is 
detailed. To a solution of 2.9 (0.100 g, 0.17 mmol) and AlMe3 (0.012 g, 0.17 mmol) in 4 
mL toluene was slowly added [Ph3C][B(C6F5)4] (0.159 g, 0.17 mmol). The resulting 
orange color solution became colorless after stirring overnight. Layering the solution 
with pentane gave 0.203 g of colorless blocks which were isolated by decantation. The 
crystals were washed 3 x 10 mL of pentane and dried in vacuo. Yield: 89%. 4.14:'H 
NMR (C6D5C1) 8 : 7.00-7.31 (m, 9H, m ,p-Ar), 2.68 (sept, 4H, 3JH-h = 7 Hz, CH(CH3)2),
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2.61 (sept, 2H, 3J H-h = 7 Hz, C//(CH3)2), 1.76 (s, 6H, Me), 1.17 (d, 12H, 3J H-h = 7 Hz, 
CH(C//3)2), 1.04 (d, 12H, 3J H-h = 7 Hz, CH(C//3)2), 0.90 (d, 12H, 3J H-h = 7 Hz, 
CH(C/T3)2), -0-84 (AlMe2). ^C l'H }  NMR (partial, C6D5C1) 8: 171.8, 150.6 (br), 149.4,
147.4 (br), 144.3, 141.4, 135.5, 134.2, 133.2, 130.5, 128.0-129.7 (m, obscured by 
C6D5C1), 127.0, 125.7-126.2 (m, obscured by C6D5C1), 30.6, 29.0, 28.8, 24.6, 24.4, 24.0,
23.5, -9.8 (AlMe2). u B { lU} NMR (C6D5C1) 8: -16.5. 19F NMR (C6D5C1) 8: -133.8 (br s), 
-164.7 (d o f d, V f  = 23 Hz), -168.4 (d o f d, V f  = 17 Hz). Anal. Calcd for 
C66H63N3AlBF2o: C, 60.24; H, 4.82; N, 3.19. Found: C, 60.70; H, 4.96; N, 3.28. 4.15: ‘H 
NMR (C6D5Br) 8: 7.02-7.31 (m, 9H, m , p - Ar), 3.80 (br s, 2H, Av,/2 = 50 Hz, A1Hz),  2.76 
(sept, 4H, 3J H-h = 7 Hz, C H (CH3)2), 2.60 (sept, 2H, 3J H-h = 7 Hz, CJ7(CH3)2), 1.54 (6H, 
Me), 1.26 (d, 1 2 H , 3J H-h = 7 Hz, CH(Ctf3)2), 1.13 (d, 1 2 H , V h  ^ 7 Hz, CH(C//3)2), 1.05 
(d, 12H, V -h  = 7 Hz, CH(Ctf3)2). I3C{'H} NMR (partial, C6D5Br) 8: 171.2, 150.2 (br s), 
147.0 (br s), 143.6, 141.2, 139.8 (br s), 138.1, 136.7 (br s), 134.9 (br s), 133.3, 133.1,
132.8, 129.3-131.4 (m, obscured by CeDsBr), 128.2, 125.9-126.6 (m, obscured by 
C6D5Br), 124.8, 29.1, 28.9, 24.4, 24.0, 22.4. llB{'H} NMR (C6D5C1) 8: -16.6. 19F NMR 
(C6D5Br) 8: -132.2 (br s), -162.5 (d of d, 3JF.F = 19 Hz), -166.4 (br s). 1R (KBr pellet, cm' 
'): 1910, 1881. Anal. Calcd for C64H59N3A1BF2o: C, 59.68; H, 4.62; N, 3.26. Found: C, 
59.63; H, 4.72; N, 3.33. 4.15d: 2D NMR (toluene) 8: 3.51 (br s). IR (KBr pellet, cm '1): 
1310 cm '1.
Synthesis of [(/-Pr2C6H3N(C(=CH2)NC6H3/-Pr2)(C(Me)NC6H3i-Pr2)AlH] [B(C6F5)4]
4,16
During the work-up of 4.15, a few crystals were removed from the side o f the flask. 
Single crystal X-ray diffraction proved this to be the three coordinate aluminum hydride 
cation 4.16. In attempts to synthesize 4.16 in higher yields, an alternate synthesis was 
performed as follows: To a rapidly stirring solution o f 100 mg (0.172 mmol) o f 2.9 in 5 
mL toluene was added two equivalents o f Me3AlNEtMe2 (0.668 mL, 0.5 M solution in 
toluene) and 159 mg (0.172 mmol) o f [Ph3C][B(C6Fs)4] giving a bright orange solution. 
After stirring overnight the solution became colorless and formed two layers upon sitting. 
The toluene layer was decanted off, approximately 15 mL o f pentane was added and the 
mixture was placed in a sonication unit for 20 minutes. The pentane layer was decanted
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from the resulting solids and the solids were washed and sonicated again with 
approximately 15 mL o f pentane. To the resulting solids 10 mL o f toluene was added 
and the mixture filtered through a pad of celite. Toluene was removed in vacuo and the 
solids washed again with 15 mL of pentane. Removal o f volatiles gave 51 mg of a very 
faintly blue colored solid. Yield: 23%. 'H NMR (C6D5Br) 8: 6.84-7.91 (m, 9H, m, p- 
Ar), 3.95 (br s, A1H), 3.62 (sept, 2H, 3JH-h = 7 Hz, Ctf(CH3)2), 3.31 (sept, 2H, V h  = 7 
Hz, CH(CU3)2), 3.11 (sept, 2H, V h  = 7 Hz, CH(CH3)2), 2.50 (d, 1H, V-h = 82 Hz, 
CH2), 2.49 (d, 1H, V-h = 82 Hz, CH2), 1.31 (s, 3H, Me), 1.30 (d, 6H, V h  = 7 Hz, 
CH(C//3)2), 1.21 (d, 6H, V-h = 7 Hz, CH(Ctf3)2), 1.20 (d, 6H, V h  = 7 Hz, CH(C//3)2),
1.10 (d, 6H, V-h = 7 Hz, CH(CH3)2), 1.05 (d, 6H, V-h = 7 Hz, CH(C//3)2). ^C l'H } 
NMR (partial, C6D5Br) 8: 165.3, 154.8, 147.1, 145.3, 143.5, 139.7, 137.5, 137.3, 129.3-
131.4 (m, obscured by CeDsBr), 126.1-126.6 (m, obscured by CeDsBr), 126.0, 124.4,
74.3, 29.1, 28.4, 28.0, 25.9, 25.6, 25.5, 25.2, 24.6, 23.9, 22.5. n B{‘H} NMR (C6D5Br) 8: 
-16.6. 19F NMR (C6D5Br) 8: -132.2 (br s), -162.8 (d o f d, V F = 23 Hz), -166.6 (br d o f 
d, V f = 17 Hz). Attempts to obtain elemental analysis data were unsucessful 
presumably due to the highly reactive nature of this product.
Synthesis of [Bu4N][AlMe4] 4.17
To a stirring solution of AlMe3 (0.100 g, 1.39 mmol) in 5 mL toluene cooled to -35°C 
was added an equivalent o f MeLi (0.867 mL of a 1.6 M solution in Et20 ). The mixture 
was allowed to warm to room temperature over 1 hour. Upon cooling again to -35°C, a 
mixture o f BufNCl (0.386 g, 1.39 mmol) in 5 mL toluene was added. The stirring 
mixture was again allowed to warm to room temperature causing the formation of a white 
oil. The toluene was decanted, the oil was then dissolved in 10 mL o f CH2C12 and 
filtered through celite. The solvent was then removed under vaccum leaving a colorless 
oil. Addition of 15 mL pentane and sonicaiton o f the mixture gave 0.391 g of a white 
solid upon filtration. Yield: 85%. 'H NMR (C6D5Br) 8: 2.80 (t, 8H, 3JH-h = 7 Hz, CH2), 
1.34 (m, 8H, CH2), 1.22 (m, 8H, CH2), 0.88 (t, 12H, 3JH-h = 7 Hz, CH3), 0.54 (br m, 12H, 
AlMe4). 13C{'H} NMR (C6D5Br) 8: 58.5, 23.6, 19.6, 13.6, -3.2 (1:1:1:1:1:1 sextet, Vi-c 
= 70 Hz, AlMe4). 27A1 NMR (CeDsBr) 8: 153.8 (sharp singlet). Anal. Calcd for 
C20H48NA1: C, 72.88; H, 14.68; N, 4.25. Found: C, 73.04; H, 14.74; N, 4.29.
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4.2.5 X-ray Data Collection, Reduction, Solution and Refinement
See Section 2.2.4 for general methods. Single crystal X-ray structures were obtained for
4.1, 4.3, 4.4'OEt2 , 4.10, 4.12, 4.17. Selected crystallographic data are included in Table
4.1. ORTEPs and selected bond lengths and angles are provided in Figures 4.3, 4.4, 4.9, 
4.11,4.14 and 4.26.
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Table 4.1 Selected Crystallographic Data for Compounds 4.1, 4.3, 4.4-OEt2, 4.10, 4.12
and 4.17.
4.1 4.3 4.4-OEt2
Formula C41H54A1N2P C39H50A1N2P C68H6iA1BF2oN2OP
Formula weight 632.81 604.76 2741.90
Crystal System Monoclinic Triclinic Triclinic
Space group P2,/c P-l P-l
a(A) 17.971(9) 11.103(6) 18.46(1)
b(A) 13.291(7) 12.961(6) 19.65(1)
c(A) 17.687(8) 13.665(7) 20.27(1)
a(°) 89.04(1) 85.58(1)
(3(°) 115.228(9) 70.897(9) 68.37(1)
Y(°) 86.943(9) 85.15(1)
V(A3) 3822(3) 1855(2) 6807(6)
z 4 2 4
d(calc)gcm'' 1.100 1.082 1.338
Abs coeff,p,mm'‘ 0.124 0.125 0.151
Data collected 15904 7974 29324
Data F02>3a(F02) 5404 5295 19333
Variables 406 396 1693
R 0.0451 0.0410 0.0537
Rw 0.1016 0.1045 0.1282
GOF 0.915 0.915 0.705
4.10 4.12 4.17
Formula C42H62AI2I6N3O0.5 c 42h 62a in 3 C64H57A1BF20N3
Formula weight 1431.30 635.93 1285.92
Crystal System Orthorhombic Monoclinic Orthorhombic
Space group P2,2,2, P-l P2,2121
a(A) 14.196(7) 10.503(6) 16.062(2)
b(A) 35.93(2) 21.77(1) 18.950(2)
c(A) 10.613(5) 18.10(1) 20.586(2)
P(°) 105.68(1)
v(A3) 5413(4) 3985(4) 6266(1)
z 4 4 4
d(calc)gcm'' 1.756 1.060 1.363
Abs coeff,p.,mm'’ 3.505 0.081 0.134
Data collected 21314 16803 60211
Data F02>3a(F02) 7706 5698 11045
Variables 483 423 818
R 0.0980 0.0388 0.0576
Rw 0.2286 0.0883 0.1406
GOF 1.060 0.803 1.072
All data collected at 24°C with Mo Ka radiation (X = 0.71073 A), 
R = S||F0|-|FC|| /  S|F0|, Rw = [S[coF02-Fc2)2] / Z[coF02)2]]0 5
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4.3 Results and Discussion
4.3.1 Neutral Phosphinimine-imine Aluminum and Gallium Complexes
Ligand 2.4 was reacted with one equivalent o f AIR3 (R = CH3, H) with subsequent loss o f 
RH to form complexes (z-Pr2C6H3N)C(Me)CHPPh2(NC6H3i-Pr2)AlMe2 4.1 and (i- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlH2 4.3, both in 60% yield (Figure 4.1). 
Although crude 4.3 was essentially pure by *H and 31P NMR spectroscopy, it was found 
that 4.1 could be recrystallized from boiling n-heptane to give pure colorless block-like 
crystals.
pentane
2.4 4.1 M =A I, R = Me
4.3 M = Al, R = H
Figure 4.1: Formation of phosphinimine-imine aluminum complexes.
The NMR data o f 4.1 is unexceptional compared to the parent ligand, with the AlMe2 
signals occuring at -0.24 ppm in the 'H NMR spectrum, which is at higher frequency 
compared to the analogous compound NacNacAlMe2 (-0.86 ppm).197 However, when 
pure crystals o f 4.3 were dissolved in C6D6, there are two isomers in solution ('H  and 
31P{1H} NMR). These signals were attributed to both the six-membered and four- 
membered metal complexes in a 3.5:1 ratio (Figure 4.2), both o f which are seen in related 
Ni(II) and Pd(II) systems.198 Careful analysis o f the P-CH  signal attributed to the minor 
isomer in the ’H NMR spectrum shows a doublet o f triplets which can be explained as the 
two bond P-C-H doublet (2Jp-h = 10 Hz) which is split by a three bond H-Al-C-H 
coupling (3Jh-h -  14 Hz), allowing the unequivocal assignment of the minor isomer to the 
four membered Al-C-P-N complex. The corresponding resonance for the major isomer 
does not show the latter coupling. The hydride signals appear as an extremely broad peak 
at 4.50 ppm (width at half height = 110  Hz). However, the broadness of the peak may 
also be due to the two isomers present in solution. These signals are similar to the Al-H 
signal seen in l,3,5-(H2Al-NMe3)3(NSiMe2)3199 (4.2 ppm) and the alane carbene complex 
[AlH3{CN(‘Pr)C2Me2N(1Pr)}]20° (4.6 ppm). IR spectroscopy reveals the Al-H
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absorptions occurring at 1828 and 1770 cm '1, similar to the asymmetric and symmetric 
Al-H absorptions seen in NacNac-AlH2 (1832 and 1795 cm '1).21 The analogous deuteride 
complex, (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3z'-Pr2)AlD2 4.3d, was prepared utilizing the 
in situ preparation of Et20-A1D3 from A1C13 and LiAlD,*.156 2D NMR spectroscopy 
indicated unequivocally that the broad resonance at 4.55 ppm is attributable to the AID? 
signal. IR spectroscopy also showed Al-D absorptions at 1324 and 1286 cm'1, occurring 
at lower wavenumbers than L-AIH2 as expected for the deuterated analogue. Efforts to 
acquire 27A1 NMR spectra for 2 and 4 were unsuccessful most likely due to the 
asymmetrical environment around A1 leading to extremely broad signals.55
H -hi H  H\  h Hx / H
A iv  Al. /A r  Al /
N 1 —  - s H
F\r—Ph / P\  N— Ar
>h ph ph
major minor
Figure 4.2: Six- and four-membered chelate rings present in solutions of 4.3.
Crystallographic studies o f 4.1 (Figure 4.3) and the major isomer o f 4.3 (Figure 4.4) 
confirmed pseudo-tetrahedral geometries about Al and a boat conformation o f the six- 
membered chelate ring. The boat conformation of 4.1 results in an angle o f 38.6° 
between the mean planes through AIN2 and C2P atoms of the chelate ring (Figure 4.3). 
This puckering results in an approach of the Al atom to C(39) o f 3.087 A. This chelated 
geometry stands in contrast to that seen in 4.3, where the corresponding angle and 
distance are 10.3° and 3.304 A, indicating that the six-membered ring is more planar 
compared to 4.1. The maximum deviation of the atoms of the chelate from the mean 
AIN2PC2 plane is only 0.17 A indicating the relative planarity o f the chelate.
For 4.1, the Al-N bond distances were found to be 1.932(2) and 1.943(2) A, similar to 
those seen in the analogous NacNac complex (1.920(2) and 1.942(2) A).5 The imine N-C 
bond is (1.353(3) A) slightly longer than that seen in (NacNac)AlMe2 (1.344(2) and 
1.339(2) A). Similarly the adjacent C-C bond (C(38)-C(39), 1.383(4) A) is shorter than 
the corresponding distances (1.394(3) and 1.407(3) A) seen in (NacNac)AlMe2, while the 
N-Al-N bite angle in 4.3 of 101.1(1)° is larger than that (96.17(7)°) in (NacNac)AlMe2.
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These data are consistent with a more localized charge distribution over the C-C-N 






Figure 4.3: ORTEP of 4.1; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): A l(l)-N (l) 1.932(2), Al(l)-N(2) 1.943(2), 
Al(l)-C(40) 1.962(3), Al(l)-C(41) 1.991(3), N(l)-C(38) 1.353(3), N(2)-P(l) 1.633(2), 
P(l)-C(39) 1.741(3), C(38)-C(39) 1.383(4), N(1)-A1(1)-N(2) 101.2(1), N(1)-A1(1)-C(40) 
110.4(1), N(2)-A1(1)-C(40) 111.6(1), N(1)-A1(1)-C(41) 107.2(1), N(2)-A1(1)-C(41) 
110.8(1), C(40)-A1(1)-C(41) 114.7(2), C(38)-N(1)-A1(1) 116.7(2), P(1)-N(2)-A1(1) 
115.9(1), N(2)-P(l)-C(39) 109.2(1), N(l)-C(38)-C(39) 123.5(2), C(38)-C(39)-P(l) 
130.4(2).
In the case o f  4.3, location and refinement o f the H atom positions revealed Al-H 
distances o f 1.53(2) A and 1.60(2) A which is in the range seen for other Al-hydride 
derivatives.201 The shorted Al-N distances (1.906(2) A, 1.893(2) A) in 4.3 compared to
4.1 can be contributed to the reduced steric demands of a hydride versus a methyl group, 
as seen in the relative planarity of the N-C-C-P-N-Al chelate o f 4.3 versus the boat 
configuration seen in 4.1. The N-Al-N bite angle o f 102.10(8)° is similar to that seen for
4.1. Attempts to form aluminum phosphide or phosphinidine compounds by reacting 4.3 
with PhPH2 or Mes*PH2 in hot toluene (110°C) were unsuccessful.
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Figure 4.4: ORTEP of 4.3; 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): Al(l)-N(2) 1.893(2), A l(l)-N (l) 1.906(2), 
A l(l)-H (l) 1.53(2), Al(l)-H(2) 1.60(2), P(l)-N (l) 1.625(2), P(l)-C(25) 1.746(2), N(2)- 
C(26) 1.370(3), N(2)-A1(1)-N(1) 102.10(8), N(2)-A1(1)-H(1) 113.6(7), N(1)-A1(1)-H(1) 
108.7(7), N(2)-A1(1)-H(2) 109.8(7), N(1)-A1(1)-H(2) 110.0(7), H(1)-A1(1)-H(2) 112(1), 
N(l)-P(l)-C(25) 108.6(1), P(1)-N(1)-A1(1) 121.7(1), C(26)-N(2)-A1(1) 127.3(2), N(2)- 
C(26)-C(25) 123.8(2).
The gallium complex, (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)GaMe2 4.2, was formed
in a similar manner to 4.1 and pure material was obtained as a powder from boiling 
pentane or n-heptane (Figure 4.5).
Figure 4.5: Reaction o f ligand 4 with trimethylgallium.
Attempts to grow X-ray diffraction quality crystals from a variety o f solvents (toluene,
NMR spectrum, the GaMe2 signals occur at 0.16 ppm, significantly higher in frequency 




A r \  G k  .A r
2.4 4.2
Et2Q, C6H6, THF, /z-heptane, pentane, CH2CI2) failed to give adequate material. In the H
(-0.18 ppm).202 The remaining ligand based resonances are similar compared to 4.1.
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4.3.2 Cationic Phosphinimine-imine Aluminum and Gallium Complexes
Reactions o f 4.1 and 4.2 with [Ph3C][B(C6F5)4] in toluene or benzene formed relatively 
insoluble clathrate oils,203 but the resulting salts are soluble in C6H5CI, thus the reactions 
were performed on small scale in an NMR tube with C6D5X (X = Cl, Br) as solvent. 
These complexes, formulated as [(/-Pr2C6H3N)C(Me)CHPPh2(NC6H3Z- 
Pr2)MMe][B(C6F5)4] (M = Al 4.4, Ga 4.5, Figure 4.6), exhibited downfield shifts o f the 
31P NMR resonances to 31.0 and 32.1 ppm, respectively, compared to the parent 
compounds 4.1 and 4.2.
Me Me 
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\^Ph 
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4.5 M = Ga
[B(C6F5)4]
Figure 4.6: Formation o f phosphinimine-imine based Al and Ga cations.
The !H NMR resonances for the ligand fragment were similar to the precursors. The 
remaining metal-bound methyl group gives rise to upfield shifted resonances at -0.70 and 
-0.08 ppm in 4.4 and 4.5, respectively. " B f ’H} and 19F NMR signals were as expected
27for the presence of the free [B(C6F5)4] anion. In the case o f 4.4, efforts to acquire an Al 
NMR spectrum were unsuccessful, as no discernible signals were observed presumably 
due to the asymmetry of the molecule about the quadrupolar Al (I =5/2) nucleus. Similar 
difficulties have been reported in the literature.38 Attempts to isolate these compounds as 
analytically pure materials were unsuccessful as they are often highly air-sensitive oils.
36-38,197
Similarly, reactions o f 4.1 and 4.2 with B(C6F5)3 results in methyl abstraction from Al or 
Ga generating the species [(z-Pr2C6H3N)C(Me)CHPPh2(NC6H3Z-Pr2)MMe][B(C6F5)3Me] 
(M = Al 4.6, Ga 4.7, Figure 4.7). In a fashion similar to 4.4 and 4.5, the lH NMR 
resonance for the metal bound methyl group are observed upfield o f the precursor at - 
0.73 and -0.14 ppm for the Al and Ga species, respectively, while the borate bound 
methyl group is seen at 1.23 for 4.6 and 1.25 ppm for 4.7. n B {!H} NMR and l9F NMR
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data are as expected for symmetric methyl-B(C6F5)3 anions, showing no evidence of
fluorine interactions with the cationic centers. These compounds were not isolable as
analytically pure materials due their extreme air-sensitivity and oily nature.
/ B(C6f5)3
Me
Me. Me Me. .$•\  .£■ A /
A r \  .M. .A r A r \  .M. .A r
N B(C6F5)3 N x N
’V 'P h  C6D5CI 
Ph Ph
4.1 M = Al 4.6 M = Al
4.2 M = Ga 4.7 M = Ga
Figure 4.7: Reaction o f B(C6Fs)3 with compounds 4.1 and 4.2.
Similarity, reaction o f  4.3 with [P h jC JfB ^F s)^  resulted in the formation of the species 
formulated as [(/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlH][B(C6F5)4] 4.9 (Figure 4.8), 
which was obtained as an oil. Addition o f pentane and vigorous stirring or sonication 
afforded an analytically pure white solid. In contrast to the precursor 4.3, the NMR data 
for 4.9 showed only a single isomer in solution. Coupling between the central methine 
proton of the ligand and the Al-bound hydride was not observed, as in the major isomer 






























Figure 4.8: Formation of aluminum hydride cations 4.8 and 4.9.
Reaction of 4.3 and B(C6F5)3 results in the formation of [(/- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlH][B(C6F5)3H] 4.8 (Figure 4.8). Once again, 
the presence of only one signal in the 31P{*H} NMR spectrum and the lack o f coupling
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between the central methine proton of the ligand and the Al-bound hydride indicates that 
only the six-membered chelate is present in solution. This species exhibits two broad 
hydride signals at 25°C: a peak at 3.96 ppm was attributed to the Al-H signal and the 
peak at 4.42 ppm to a hydride bridging Al and B. At low temperature (-40°C) the 'H 
NMR spectra showed resonances at 3.89 and 4.75 ppm attributed to the two distinct 
hydrides. In addition, resonances at 2.67 and 3.17 ppm were attributed to the inequivalent 
z-propyl protons. Each of these sets o f resonances were observed to broaden with 
increasing temperature, suggesting the possibility of hydride exchange between the cation 
and anion. However, variable temperature 'H NMR experiments indicated coalescence 
well above 70°C, preventing the determination of thermodynamic exchange parameters.
Attempts to grow single crystals of any of the above base-free cations were uniformally 
unsuccessful, however attempts to crystallize 4.4 from CeHsCl/pentane/diethyl ether 
solution afforded a few crystals o f [(z'-Pr2C6H3N)C(Me)CHPPh2(NC6H3/- 
Pr2)AlMe(OEt2)][B(C6Fs)4] 4.4,OEt2 after several weeks. A crystallographic study of 
4.4‘OEt2 confirmed the formulation and in particular the monomeric nature o f the base- 
stabilized cation (Figure 4.9). The geometry about the Al center o f the cation o f 4.4‘OEt2 
is pseudo-tetrahedral while the chelate ring adopts a boat conformation. The angle 
between the AIN2 and PC2 planes of the chleate is 49.6° which places Al and C(3) 3.094 
A  apart. The A l(l)-C (l) distance (1.946(6) A ) and Al-N distances (1.853(4) A  and 
1.875(4) A ) are shorter than those in 4.1 as expected for a cation. The A l-0 bond for the 
coordinated diethyl ether was found to be 1.998(5) A . This is similar to that seen in 
[(CH(CPh(NSiMe3))2AlMe(OEt2)][B(C6F5 )4 ] (1.987 A ).204









Figure 4.9: ORTEP of the cation o f 4.4-OEt2 (one of the two in the asymmetric unit); 
30% thermal ellipsoids are shown. Hydrogen atoms are omitted for clarity. Distances (A) 
angles (°): A l(l)-N (l) 1.853(4), Al(l)-N(2) 1.875(4), A l(l)-C (l) 1.946(6), A l(l)-0(1) 
1.998(5), P(l)-N(2) 1.649(4), P(l)-C(3) 1.751(4), N(l)-C(2) 1.377(5), N(1)-A1(1)-N(2) 
105.6(2), N(1)-A1(1)-C(1) 116.3(3), N(2)-A1(1)-C(1) 117.0(2), N(1)-A1(1)-0(1) 103.9(2), 
N(2)-A1(1)-0(1) 105.1(2), C(1)-A1(1)-0(1) 107.3(3), N(2)-P(l)-C(3) 107.7(2), C(2)- 
N(1)-A1(1) 118.5(3), P(1)-N(2)-A1(1) 119.1(2), C(3)-C(2)-N(l) 123.2(4), C(2)-C(3)-P(l) 
130.6(4).
4.3.3 Imidoyl A mi dine Aluminum Complexes
Reacting ligand 2.9 with two equivalents o f AII3 in toluene afforded the new product 4.10 
as a white precipitate (Figure 4.10). The 27A! NMR spectrum o f 4.10 displayed a sharp 
singlet at -27.3 ppm corresponding to the symmetric [AII4] anion although no signal was 
observed for the corresponding cation.
toluene
Figure 4.10: Reaction of imidoyl amidine 2.9 with AII3.
Single crystals of 4.10 were grown from a THF solution layered with toluene and 
crystallographic analysis confirmed the formulation of 4.10 as [((*'-
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Pr2C6H3)N(C(Me)(NC6H3/-Pr2)2)All2][AlI4] (Figure 4.11). The six-membered chelate 
ring formed by the ligand bound to the A1E fragment adopts a boat conformation with the 
aluminum atom displaced from the ligand plane by 0.637 A. The Al-I bond lengths o f the 
diimine chelate (2.463(5) and 2.483(5) A) are shorter than the corresponding NacNacAlT 
compound (2.501(1) and 2.541(2) A),202 reflecting the cationic nature of the Al center. 
The Al-N bond lengths are 1.92(2) and 1.93(2) A, which are similar to those reported for 
the phosphinimine-imine ligand complex (/-Pr2C6H3N)C(Me)CHPPh2(NC6H3/-Pr2)AlMe2
4.1 (1.932(2) A and 1.943(2) A), and those seen in the analogous NacNacAlI2 complex 
(1.872(2) A and 1.893(3) A).202 The chelate bite angle in 4.10 is 92.4(6)°, which is 
significantly smaller than N-Al-N bite angle in (z'-Pr2C6H3N)C(Me)CHPPh2(NC6H3Z- 
Pr2)AlMe2 4.1 (101.1(1)°) and NacNacAll2 (99.9(1)°).202 The imine N-C bond lengths o f 
1.28(2) A and 1.31(2) A are shorter than those seen in (z- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3Z-Pr2)AlMe24.1 (1.353(3) A) and NacNacAlI2 (1.338(3) 
A and 1.340(3) A) consistent with the charge on the cation of 4.10.
Figure 4.11: ORTEP of the cation of 4.10, 30% thermal ellipsoids are shown. Hydrogen 
atoms and the [A1I4] anion are omitted for clarity. Distances (A) angles (°): I(1)-A1(2) 
2.463(5), I(2)-Al(2) 2.483(5), Al(2)-N(l) 1.915(18), Al(2)-N(3) 1.93(1), N(3)-C(3) 
1.28(2), N (l)-C (l) 1.31(2), N(2)-C(3) 1.39(2), N(2)-C(l) 1.40(2), C(l)-C(2) 1.47(3), 
C(3)-C(4) 1.48(3), N(1)-A1(2)-N(3) 92.4(6), N(1)-A1(2)-I(1) 116.4(5), N(3)-A1(2)-I(1) 
113.6(5), N(1)-A1(2)-I(2) 109.0(5), N(3)-A1(2)-I(2) 110.5(5), I(1)-A1(2)-I(2) 113.1(2), 
C(3)-N(3)-A1(2) 124(1), C(1)-N(1)-A1(2) 122(1), C(3)-N(2)-C(l) 127(1), N (l)-C(l)-N(2) 
121(2), N (l)-C(l)-C(2) 123(2), N(2)-C(l)-C(2) 116(2), N(3)-C(3)-N(2) 122(2), N(3)- 
C(3)-C(4) 121(2), N(2)-C(3)-C(4) 117(1).
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In a similar fashion, reaction o f 2.9 with excess AlMe3 afforded a white solid [(/- 

















Figure 4.12: Reaction o f trimethylaluminum with imidoyl amidine ligand 2.9.
'FI NMR data o f 4.11 showed a signal at -0.68 ppm integrating to 6 protons 
corresponding to the AlMe2 group, while a signal at -0.07 ppm integrated to 21 protons, 
indicating the presence o f seven magnetically equivalent Al-bound methyl groups o f the 
[A^Mey] anion that are undergoing an exchange process, thus producing one signal. 
Similarly the !3C{!H} NMR spectra showed broad resonances at -4.0 and -9.9 ppm,
27attributable to the Al-bound methyl groups. No signals were found in the Al NMR 
spectrum o f 4.11. A search o f the literature shows no previous reports o f a similar anion. 
Attempts to react 2.9 with only two equivalents o f AlMe3 to produce the salt containing 
the [AlMe4] anion only resulted in the isolation o f 4.11 in lower yields. Multiple 
attempts to grow crystals of 4.11 resulted in either amorphous precipitate or degradation 
o f 4.11.
In order to confirm the composition o f the anion was not [AlMe4], one equivalent of 
AlMe3 was added to the salt [«-Bu4N][AlMe4]. The 1:1:1:1:1:1 sextet in the 'H NMR 
from the highly symmetric [AlMe4] anion disappears upon addition o f AlMe3 and a new 
broad singlet appears that has the same chemical shift as the [Al2Me7] anion in 4.11. 
Additionally, the signal of [AlMe4] in th e 27Al NMR spectrum disappears upon reaction 
o f one equivalent o f AlMe3. Therefore, based on the NMR data, as well as multiple 
elemental analyses, there is sufficient evidence for the formulation [(i- 
Pr2C6H3)N(C(Me)(NC6H3/-Pr2)2) AlMe2] [Al2Me7].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
Compound 4.11 was observed to be unstable in solution, affording a faint yellow solution 
after standing for several weeks at room temperature. In an attempt to identify the 
degradation process, a solution of 4.11 was refluxed in toluene, and following a work-up,
and 2.93 ppm attributable to a O C H 2 fragment and a resonance was observed at -0.41 
ppm attributed to an AlMe2 unit. These data are consistent with the formulation o f 4.12 as 
(i-Pr2C6H3N)C(=CH2)(NC6H3i-Pr2)C(Me)(NC6H3Z-Pr2)AlMe2 (Figure 4.13).
Figure 4.13: Formation o f neutral aluminum dimethyl species 4.12 from salt 4.11.
In contrast, the reaction o f a pyridyl-diimine ligand with AlMe3 results in the methylation 
o f an imine carbon giving (2 -(/-Pr2C6H3N)C(H)-6 -(/-Pr2C6H3N)CCH3(H)C5H3N)AlMe2.29 
Presumably, loss of CH 4 in the formation of 4.12 is favored over methylation of the imine 
carbon due to the extreme steric congestion o f the imidoyl amidine ligand 2.9. 
Crystallographic analysis of 4.12 confirmed the presence o f the methylene group in the 
ligand backbone (Figure 4.14). The methylene C(37)-C(38) bond length of 1.390(3) A is 
significantly shorter than the methyl C(39)-C(40) bond length (1.475(3) A). The N(2)- 
C(38) distance (1.369(3) A) is sightly longer than the N(l)-C(40) bond length (1.327(3) 
A) reflecting the amido and imine characters o f these differing N centers. This is also 
reflected in the marked difference in the Al-N bond distances o f 1.893(2) A and 1.934(2) 
A, respectively. The latter Al-Njmjne bond length is similar to that seen in NacNacAllVfe 
(1.920(2) and 1.942(2) A).5 The presence of the amido nitrogen results in a N-Al-N bite 
angle in 4.12 of 92.48(9)° that is markedly smaller than that (96.17(7)°) in NacNacAlMe2 
but similar to that seen in 4.10 reflecting the similarity in steric bulk between this anionic 
ligand system and the neutral ligand 2.9.
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Figure 4.14: ORTEP of 4.12, 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): Al(l)-N(2) 1.893(2), A l(l)-N (l) 1.934(2), 
Al(l)-C(41) 1.964(2), Al(l)-C(42) 1.993(2), N(l)-C(40) 1.327(3), N(2)-C(38) 1.369(3), 
N(3)-C(40) 1.409(2), N(3)-C(38) 1.440(3), C(37)-C(38) 1.390(3), C(39)-C(40) 1.475(3), 
N(2)-A1(1)-N(1) 92.48(9), N(2)-A1(1)-C(41) 112.6(1), N(1)-A1(1)-C(41) 113.4(1), N(2)- 
Al(l)-C(42) 114.66(9), N(1)-A1(1)-C(42) 108.42(9), C(41)-A1(1)-C(42) 113.5(1), C(40)- 
N(1)-A1(1) 123.3(2), C(38)-N(2)-Al(l) 122.7(2), C(40)-N(3)-C(38) 127.9(2), N(2)- 
C(38)-C(37) 125.0(2), N(2)-C(38)-N(3) 117.8(2), C(37)-C(38)-N(3) 117.3(2), N (l)- 
C(40)-N(3) 121.7(2), N(l)-C(40)-C(39) 122.1(2), N(3)-C(40)-C(39) 116.1(2).
In an effort to understand the formation of 4.12 from 4.11, a number of small scale NMR 
experiments were run. Heating solutions of 4.11 in CeDsBr to 50°C showed formation of 
CH4 and 4.12 with consumption 4.11 (Figure 4.15). The consumption o f 4.11 over time
'y
followed second order reaction kinetics with a second order rate constant o f 1.4(4) x 10'“ 
M ' 1 s' 1 as shown in Figure 4.16. In order to confirm the necessity o f the [ABMe?]' anion 
in the reaction, the borate salt [(/-Pr2C6H3N(C(Me)NC6H3/-Pr2)2)AlMe2][B(C6Fs)4] 4.14 
{vide infra) was heated to 70°C with no evidence of decomposition or the formation of
4.12. Similarly, heating 4.14 in the presence of AlMe3 gave no reaction and the reaction 
o f  4.14 with [«-Bu4N][AlMe4] 4.17 proceeds more slowly than the corresponding 
reaction o f 4.11. Heating 4.14 with excess amounts o f [«-Bu4N][AlMe4] 4.17 and AlMe3 
(4, 8, 12, 16 and 20 equivalents) it was determined that the consumption of 4.14cat 
followed pseudo-first-order decay kinetics (Figure 4.17). These results imply that the 
formation o f 4.12 from 4.11 involves reaction of the cation with a species derived from 
the equilibrium mixture o f [AlMe4]‘ and AlMe3.






t = 9900 s 
-\\ / / -
t = 5400 s 
- \ \  / / -
I I
jlI
t = 900 s
->— \\ lh _JL
 !------ 1 1  |----- 1------ 1-------1------ 1-------- i---- 1
PPM 0.10 -0.60 -0.80
Figure 4.15: Stacked !H NMR spectra o f the conversion o f 4.11 to 4.12 over time at 
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Figure 4.16: Representative data for the consumption o f 4.11 over time at 60°C; a plot of 
1/[4.11] vs time (second order kinetics), [4.11]0 = 0.014 M; (R2 = 0.99).
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Figure 4 .1 7 :  Representative data for the consumption of 4 . 1 4 cat over time in the presence 
o f 20 equivalents o f [Bu4N][AlMe4] and AlMe3 at 60°C revealing pseudo first order 
kinetics; [ 4 . 1 4 cat]o  = 0.006 M, R2 = 0.98.
Although the exact nature o f this anionic reactant could not be unambiguously 
determined, the decay of the concentration o f 4 .1 1  could be modeled using a stochastic 
approach. This model employed a rate determining step involving reaction o f  the cation 
[(z-Pr2C6H3N(C(Me)NC6H3/-Pr2)2)AlMe2]+ with a complex anion formulated as 
[AfeMey]' (Figure 4.18, Equation A) which is formed in an equilibrium involving 
[Bu4N][AlMe4] and AlMe3 (Figure 4.18, Equation B).
+ [AI2M67]






[AIMe4]' + AIMe3 
Figure 4.18: Reactions used in stochastic model.
[Al2Me7] (B)
Iterative stochastic calculations205 afforded an approximation of the equilibrium constant 
o f Keq = 0.7 M '1 (Figure 4.19).
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Figure 4.19: Concentration/time plot for the conversion o f 4.11 to 4.12 ([4.11]0 = 0.0063 
M). Observed data are shown as squares, stochastic calculation data based on mechanism 
shown as solid line.
Mechanistically, these kinetic data suggest the formation of 4.12 occurs by methyl- 
transfer from a complex Al-anion to the cationic Al center of 4.11 with concurrent 
chelate ring opening followed by methane elimination and subsequent rearrangement to 
4.12 (Figure 4.20). The proposition of chelate ring opening is also supported by the 
observation that dissolution of 4.11 in THF results in degradation of 4.11 to form 
(THF)AlMe3 and the free ligand 2.9. It is also noteworthy that the present C-H activation 
is proposed to proceed via a transient 6-membered ring intermediate. A similar proposal
906
was described for C-H activations o f alkyl-Ti-phosphinimide complexes by AlMe3.“













Figure 4.20: Proposed mechanism for the formation o f 4.12 from 4.11.
The conversion o f 4.11 to 4.12 was monitored over a 30 K temperature range (313 - 343 
K) and the Eyring plot (Figure 4.21) revealed the thermodynamic parameters, AH* = 
91(5) kJ/mol and AS* = -10(5) J/mol'K. This negative entropy is consistent with a 
bimolecular associative process, while the enthalopy suggests a concerted reaction 
mechanism in the transition state. These parameters compare with those reported for the 
methane elimination from (Me3SiO)2TiMe(NHSid3u3) (AH* = -85 kJ/mol and AS* = -80 
J/mol'K).207 In contrast, C-H activations o f methyl-Ti-phosphinimide complexes by 
AlMe3 proceed with a significantly lower enthalpy of 63(2) kJ/mol 206 The present data 
support a proposed mechanism in which a Al-C bond and a C-H bond adopt a six- 
membered ring transition state.206





Figure 4.21: Eyring plot for the conversion of 4.11 to 4.12; [4.11]0 = 0.015 M, AH* = 
-91(5) kJ/mol, AS* = -10(5) J/mol-K, R2 = 0.99.
Reaction of 4.12 with B(C6Fs)3 in CgDsCl gave the expected compound [(/- 






Figure 4.22: Formation of proposed methyl bridged aluminum cation 4.13.
NMR spectroscopy shows the ligand signals broadened significantly and the Al-Me 
signal located at -0.81 ppm, typical for cationic Al-Me species. Variable temperature *H 
NMR spectroscopy (-40°C to 80°C) shows a signal at 1.39 ppm attributed to the bridging 
methyl group at -40°C. This signal shifts to 1.23 ppm at 0°C and is obscured by the 
isopropyl group resonances above 10°C. The corresponding resonance attributed to the 
terminal Al-Me group also broadens at 10°C and is not observed above 60°C. These data 
suggest an exchange process for the B ^ F s b  group between the two Al-bound methyl
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groups. Al-Me/B-Me exchange rates were determined from the linewidth at half-height 
in the slow exchange regime in the temperature range between 283 and 333K. These data 
afforded an Eyring plot and activation parameters AH* = 49(1) kJ/mol and AS* = -54(6) 
J/mol'K (Figure 4.23). By way of comparison, similar exchange for zirconocene 
cation/methyl-borates were reported to have AG* values between 60 and 82 kJ/mol.208 
The relatively weak Al-Me bond in comparison to Zr-Me is reflected in low energy 
requirement for exchange in 4.13. While the entropy term suggests a bimolecular process 
and thus favors the proposition of dissociative exchange (Figure 4.24), an intramolecular 










Figure 4.23: Eyring plot for the Al-Me exchange in compound 4.13; AH* = 49(1) kJ/mol, 
AS* = -54(6) J/mol-K, R2 = 0.99.
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Figure 4.24: Proposed dissociative exchange for 4.13.
In a related reaction, 2.9 and AlMe3 were combined with [Ph3C][B(C6F5)4], The resulting 
salt 4.14 was isolated in 89% yield (Figure 4.25). ‘H NMR data revealed the resonances
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attributable to the ligand as well as a singlet resonance at -0.84 ppm attributable to two 
Al-bound methyl groups. These data together with the 19F NMR data and the observation 
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Figure 4.25: Formation o f aluminum cations with borate anions.
Treatment o f 2.9 with equimolar amounts o f AlH3-NMe2Et and [Ph3C][B(C6Fs)4] 
afforded the hydride salt [(/-Pr2C6H3N(C(Me)(NC6H3/-Pr2)2)AlH2][B(C6F5)4] 4 .1 5  
(Scheme 4.25). The 'H  NMR data, in particular the broad resonance at 3.80 attributable 
to the two Al-bound hydrides, were consistent with the formulation of 4 . 1 5 .  The 
analogous deuteride species [(i-Pr2C6H3N(C(Me)(NC6H3i'-Pr2)2)AlD2][B(C6F5)4] 4 .1 5 a  
was also isolated using AlD3-NMe3.194 Infrared spectroscopy of 4 . 1 5  shows the Al-H 
absorptions at 1910 and 1881 cm'1, while 4 .1 5 a  revealed an AID absorption at 1310 cm'1. 
These compare to the infrared absorptions at 1828 and 1770 cm ’1 observed for i- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3z-Pr2)AlH2 4 .3  and 1324 and 1286 cm' 1 for i- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3Z-Pr2)AlD2 4 .3 a ,  revealing the cationic character o f the 
Al-centers due to the higher absorption of 4 . 1 5  versus 4 .3 .  Compound 4 .1 5 a  gives rise to
'y
~D NMR resonance at 3.51 ppm, whereas the analogous resonance for i- 
Pr2C6H3N)C(Me)CHPPh2(NC6H3i-Pr2)AlD2 4 .3 a  is observed at 4.55 ppm. Efforts to
9*7acquire A1 NMR spectra for 4 . 1 4  and 4 .1 5  were unsuccessful. It is noteworthy that 
attempts to react the cationic alkyl and hydrido-species 4 .1 4  and 4 . 1 5  with BfCeFs^,
910A1(C6F5)3 or [Ph3C][B(C6Fs)4] resulted in no reaction, consistent with the strong Lewis 
acidity o f the cationic Al-center in these species.
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In attempts to grow single crystals o f 4.15, a few crystals appeared on the flask wall. 
Single crystal X-ray diffraction indicated that the crystals were not comprised of 4.15, but 
o f the aluminum monohydride cation [(z'-Pr2C6H3N(C(=CH2)NC6H3/-Pr2)(C(Me)NC6H3/- 
Pr2)AlH][B(C6F5)4] 4.16 (Figure 4.26). This species is the cationic hydride analogue of
4.12. The monoanionic nature of the ligand is revealed in the lengthening of the N (l)- 
C (l) bond (1.404(6) A) relative to that o f the adjacent imine N(3)-C(3) (1.313(5) A). In 
addition, the methylene C(l)-C(2) bond length is 1.300(7), typical of a C=C double bond 
and is much shorter than the bond length of the methyl C(3)-C(4) bond (1.486(6) A). 
These features are similar to those seen in compound 4.12. The Al-N bond distances of 
1.882(4) A and 1.889(4) A are much shorter than in 4.12, possibly a reflection of the 
reduced steric demands o f a hydride atom complared to a methyl group, as well as the 
cationic nature of the aluminum center. The N-Al-N bite angle of 89.7(2)° is much 
smaller than in compound 4.12 (92.48(9)°). In addition, the electron difference map 
reveals only one major peak near the aluminum center that can be attributed to a hydride 
atom. Refinement o f the hydride position revealed an Al-H distance of 1.28(5) A, shorter 
than in compound 4.3 (1.53(2) A and 1.60(2) A), once again revealing the cationic nature 
o f the aluminum center. There are no Al-F interactions between the cationic aluminum 
center and the fluorine atoms of [B ^ F s ^ ] .  This is in contrast to the analogue, 
[NacNacAlMe][B(C6Fs)4], where the closest Al-F interaction is 2.151(1) A.197 The 
closest intramolecular contacts are with the z-Pr methylene protons, with distances in the 
range o f 3.1-3.2 A. The closest intermolecular interaction is with the methylene 
hydrogens o f another cationic unit, with distances in the range of 3.7-4.0 A (Figure 4.27). 
A space filling diagram showing the packing o f two cationic moieties reveals the close 
packing of the two cations (Figure 4.28).
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H(1)
Figure 4.26: ORTEP o f the cation o f 4.16, 30% thermal ellipsoids are shown. Hydrogen 
atoms (except H (l)) are omitted for clarity. Distances (A) angles (°): Al(l)-N(3) 1.882(4), 
A l(l)-N (l) 1.889(4), A l(l)-H (l) 1.28(5), C(l)-C(2) 1.300(7), C (l)-N (l) 1.404(6), C(l)- 
N(2) 1.512(5), C(3)-N(3) 1.313(5), C(3)-N(2) 1.359(5), C(3)-C(4) 1.486(6), N(3)-A1(1)- 
N (l) 89.7(2), C(2)-C(l)-N(l) 126.4(4), C(2)-C(l)-N(2) 121.4(4), N (l)-C(l)-N(2) 
110.7(4), N(3)-C(3)-N(2) 121.0(3), N(3)-C(3)-C(4) 120.3(4), N(2)-C(3)-C(4) 118.7(4), 
C(1)-N(1)-A1(1) 134.6(3), C(3)-N(2)-C(l) 129.9(3), C(3)-N(3)-A1(1) 130.9(3).
*H NMR spectrosopy reveals signals highly remiscent of the neutral dimethyl compound
4.12. The characteristic methylene doublets are located at 2.49 and 2.50 ppm ("Jh-h = 82 
Hz) and the presence of three /-Pr septets reveal the unsymetrical features of the ligand. 
The Al-H signal appears as a very broad singlet at 3.95 ppm and integration o f the signal 
indicates the presence of one Al-bound hydride. 19F NMR spectroscopy shows no Al-F
interactions at both 30°C and -35°C. The cation in solution is most likely stabilized by
11interaction with bromobenzene solvent.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
Figure 4.27: Closest intermolecular and intramolecular contacts betwen two cations of 
4.16. Hydrogen atoms on the aryl groups have been omitted for clarity (except those 
closest to the A1 center).
F igure 4.28: Space filling packing diagram of 4.16 revealing the close packing o f the two 
cationic molecules and the steric protection of the cationic aluminum center.
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4.3.4 Conclusions
The phosphinimine-imine and imidoyl amidine ligands described herein readily afford 
neutral and cationic Group 13-alkyl and hydride complexes. In the case o f neutral 
species, reaction with Lewis acids results in the formation of monomeric cations, due to 
the steric bulk o f these ligands. The imidoyl amidine-based compound 4.11 undergoes 
activation o f the exocyclic methyl group, and upon heating affords the asymmetric 
amido-imine ligand system. In addition, the first three-coordinate aluminum hydride 
cation is reported, featuring no long-range interactions with the fluorine atoms o f the 
[B(C6Fs)4] anion, but rather long-range interactions with the methylene fragment of 
another cation. This result can be attributed to the extreme steric shielding o f the 
aluminum center by the imidoyl amidine ligand system.
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Chapter 5
Catalytic Dehydrocoupling of Phosphines Utilizing Group 4
Catalysts
5.1 Introduction
87 88Catalytic dehydrocoupling o f phosphines has now been the focus o f a several groups, ’ 
including the Stephan Group,81’85’86 for 10 years. This relatively new area has mainly
87focused on catalysts based on biscyclopentadienyl-substituted titanium or 
zirconium81’85,86 and a review based on the zirconium derivates was published in 2 0 0 0 .211 
The anionic zirconium (IV) trihydride [Cp*2ZrH3]'212 was found to be quite effective in 
the dehydro coupling of phosphines.81’85,86 However, there is promise for the use o f other 
transition metal-based catalysts for the dehydrocoupling o f phosphines: Brookhart and 
coworkers recently reported a rhodium-based catalyst for this purpose.88 In this chapter, 
the discovery o f a new dehydrocoupling catalyst is discussed, including its use in the 
isolation o f new phosphine oligomers based on the 1,2 -bisphosphinobenzene framework, 
as well as use o f the catalyst to form indoline and phosphaindoline derivatives utilizing 
the sterically bulky Mes* (2,4,6-tri-t-butylphenyl) framework.
5.2 Experimental
5.2.1 General Data
All preparations were done under an atmosphere of dry, 0 2 -free N2 employing both 
Schlenk line techniques and a Vacuum Atmospheres glove box. Hexanes, toluene, 
pentane, CH2CI2, Et2 0  were purified employing a Grubbs’ type solvent purification 
system manufactured by Innovative Technology. ’H, 3 1 P { ’H} and i3C{,H} NMR spectra 
were recorded on Bruker Avance-300 and 500 spectrometers. All spectra were recorded 
in CgD6 at 30°C unless otherwise noted. Trace amounts o f protonated solvent were used 
as internal references for ]H NMR spectra. The deuterated solvent was used as an 
internal reference for ^C l'H } NMR spectra. The chemical shifts for both 'H and 
i3C{'H} are reported relative to tetramethylsilane. 3 1 P { 1H} NMR spectra were 
referenced externally to 85% H 3 P O 4 . Combustion analyses were done in house
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employing a PerkinElmer CHN Analyzer. Hexamethyldisilazane, trichloroethylene 
(anhydrous), trimethylphosphite, n-BuLi, 2,3-dimethyl-l, 3-butadiene, a-Alumina, 
acetone (anhydrous), LiAlH4, 1,2-bisphosphinobenzene, Ph2PH, a ,a ’-dibromo-p-xylene, 
mesityl bromide, PCI3, 1,3 ,5-tri-f-butylbenzene, 1,3,5-tri-z-propylbenzene, 1,3,5- 
triphenylbenzene, bromine, magnesium turnings and trimethyl phosphite were purchased 
from the Aldrich Chemical Company and used as received. PhPH2, Et2PH, Cp*ZrCl3, 
Cp*2ZrCl2, and Cp*TiCl3 were purchased from Strem Chemicals Inc. and used as 
received. KMn0 4  (BDH) was graciously donated by Dr. James Green. Anhydrous 
MgSC>4 was purchased from ACP Chemicals Inc. Ethylene was purchased from Praxair 
and purified by passing through a column of molecular sieves and copper-based 
deoxygenating media. Uninhibited THF was purchased from EMD and distilled from 
sodium/benzophenone. Isopropyl alcohol was purchased from ACP Chemicals Inc. and 
used as received. Hyflo Super Cel® (celite) was purchased from Aldrich Chemical 
Company and dried for 24 hours in a vacuum oven at 150°C prior to use. Molecular 
sieves (4 A) were purchased from Aldrich Chemical Co. and dried at 140°C under 
vacuum using a rotary vacuum pump. MesPH2,213 TripBr,214 TripPlU ,215 Mes*PH2,216 
Mes*N3,217 2-f-BuPhN3,217 PhesBr,218 PhesPH2,215 Cp*Zr(NPrBu3)Cl2,219
CpTi(NPrBu3)(CH2)4,220 Cp*Ti(NP/Bu3)(CH2)4,220 [Cp*2ZrH3][Li]212 and 1,2-
(MeO)2P(0 )-4 ,5 -Me2-benzene22t were prepared following the literature procedures.
5.2.2 Synthesis of a Zirconacycle 
Synthesis of Cp*Zr(NPr-Bu3)(CH2)4 5.1
To a sealed reaction vessel equipped with a Teflon stopcock was added 0.742 g (1.44 
mmol) Cp*Zr(NP(r-Bu)3)Cl2, 246 mg (10.11 mmol) Mg metal and 25 mL THF. The 
mixture was then freeze-pump-thaw degassed three times and 1 atm of ethylene was 
added at -78°C. The mixture was allowed to warm to room temperature over 2.5 hours 
after which additional ethylene was added. After stirring overnight the THF was 
removed and the solids were extracted with 3 x 10 mL pentane. Removal o f pentane 
gave 643 mg of crude solid. Recrystallization from Et30  gave 247 mg of brown material. 
Yield: 34%. ‘H NMR 8 : 2.62 (m, 2H, ZrCH2), 2.16 (m, 2H, ZrCH2), 2.10 (s, 15H, Cp*), 
1.37 (m, 2 H, ZrCH2C //2), 1.30 (d, 27H, f-Bu, JP.H = 25 Hz), 0.87 (m, 2 H, ZrCH2C //2).
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13C{'H} NMR 8: 117.4, 48.5, 41.1 (d, V -c = 47 Hz), 30.3, 29.4, 12.1. 31P{‘H} NMR 5: 
34.0. Anal. Calcd for C22H5oNPZr: C, 62.60; H, 10.10; N, 2.81. Found: C, 63.05; H, 
10.22; N, 2.74.
5.2.3 Synthesis of Phosphines and Their Precursors 
Synthesis of/>-(MesP(H)CH2)2C6H4 5.2
To a solution o f 3.00 g (19.7 mmol) MesPHi in 20 mL THF was added 12.3 mL o f n- 
BuLi (19.7 mmol, 1.6 M solution in hexanes). The solution initially turned yellow in 
color and finally orange after stirring for 20 min. A solution o f 2.60 g (9.85 mmol) a , a ’- 
dibromo-p-xylene dissolved in 10 mL was then added dropwise over a 10 min period. 
After stirring overnight, the solvent was removed under vacuum and the remaining white 
solids were extracted with 75 mL of hot toluene. The solution was filtered through celite 
and cooled to -35°C overnight yielding 3.56 g o f material upon filtration. Yield: 89%. 
X-ray quality crystals were grown from a hot toluene solution that was slowly cooled to 
room temperature. *H NMR 8 : 6.73-6.76 (m, 8H, nz-Mes, o,m-B z), 4.41 (d, 2H, PH, Jph 
= 210 Hz), 2.82 (s, 4H, CH2), 2.26 (s, 12H, o-Me), 2.08 (s, 6H,p-M e). ^C l'H }  NMR 8 :
142.7, 142.6, 138.5, 138.2, 130.6, 130.5, 129.7, 128.9, 29.5 29.4, 23.4, 23.3, 21.4. 31P 
NMR 8 : -73.9 (d, ‘j PH = 210 Hz). Anal. Calc, for C26H32P: C, 76.83; H, 7.93. Found: C, 
76.83; H, 8.09.
Synthesis of Tetramethyl Acetylenediphosphonate 5.3
Prepared in a similar method to the literature procedure." Only H NMR data was 
previously reported, thus the compound has been reexamined using standard NMR 
techniques. ’H NMR ( C D C I 3 )  8 : 3.70-3.82 (m, 12H, MeO). ^C l'H } NMR ( C D C I 3 )  8 :
87.6 (d o f d, V c  = 269 H z , 2JP.C = 40 Hz), 54.0. 3iP{'H} NMR (CDC13) 8 : -6 .8 .
Synthesis of l,2-[(MeO)2P(0)]2-4,5-Me2-l,4-cyclohexadiene 5.4
Prepared following the synthetic procedure outlined in the literature for similar 
derivatives.223,224 In a Teflon sealed glass reaction vessel, 59.54 g (0.246 mol) o f 5.3 was 
combined with 2,3-dimethyl-1,4-butadiene (20.20 g, 0.246 mol) and slowly heated to 
140°C overnight to give 5.4 in quantitative yield. 'H NMR (acetone-de) 8 : 3.72-3.75 (m,
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12H, MeO), 2.94 (br s, 4H, CH2), 1.64 (s, 6H, Me). 13C{'H} NMR (acetone-d6) 8 : 139.9 
(d, Vc = 188 Hz), 122.9, 53.5, 38.0 (d, V c = 13 Hz), 37.8 (d, 2JP-c = 13 Hz), 18.35. 
3,P{'H} NMR (acetone-d6) 5: 17.2.
Synthesis of 4,5-dimethyl-l,2-bisphosphinobenzene 5.5
Prepared in a similar manner as the parent 1,2-bisphosphinobenzene from 1,2- 
[(Me0 )2P(0 )]2-4 ,5 -Me2-benzene.225 During the preparation o f 5.5, the synthesis was 
reported in the literature.226 'H and 31P NMR data match those quoted in the literature.226
5.2.4 Products of Dehydrocoupling Reactions and Intermediates 
Catalytic Synthesis of Dehydrocoupled 1,2-Bisphosphinobenzene Dimer 5.6
In a sealed NMR tube, 350 mg (2.46 mmol) o f 1,2-bisphosphinobenzene was combined 
with 0.05 molar equivalents (47 mg, 0.123 mmol) of CpTi(NPtBu3)(CH2)4 in 0.6 mL 
toluene-dg. The initially light brown solution changed to dark brown with evolution of 
gas. Heating the solution for four days at 90°C gave nearly quantitative conversion by 
31P{'H} NMR spectroscopy. The mixture was transferred to a vial and evacuated to 
dryness. The tan-colored solid was dissolved in a minimum o f hot toluene and filtered 
through celite. Removal o f toluene gave 275 mg of 5.6 as an analytically pure powder. 
Yield: 80%. 31P NMR data match those quoted in the literature.227 'H NMR (toluene-dg) 
8 : 7.53 (br s, 2H, Ar), 7.10 (m, 2H, Ar), 6.79 (m, 2H, Ar), 6.61 (m, 2H, Ar), 4.65 (d o f d, 
2H, Ar, 1JPH = 209 Hz, 2JPH = 8 Hz).
Catalytic Synthesis of Dehydrocoupled 4,5-dimethyl-1,2-bisphosphinobenzene dimer 
5.7
In a sealed reaction vessel fitted with a Teflon stopcock, 1.00 g (5.88 mmol) o f 5.5 was 
combined with 0.05 molar equivalents (113 mg, 0.294 mmol) o f CpTi(NP7Bu3)(CH2)4 in 
10 mL toluene. The initially light brown solution changed to dark brown with evolution 
o f gas. Heating the solution for approximately one week at 90°C gave nearly quantitative
t
conversion to 5.7 by P{ H} NMR spectroscopy. The mixture was transferred to a vial 
and evacuated to dryness. The tan-colored solid was dissolved in a minimum o f hot 
toluene and filtered through celite. Removal o f toluene gave 646 mg o f 5.7 as an
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analytically pure powder. Yield: 65%. 'H NMR 8 : 7.40-7.58 (m, 4H, Ar), 4.85 (d of m, 
2H, PH, 1 JpH -  203 Hz), 1.76 (s, 6H, Me), 1.64 (s, 6H, Me). ‘^ { 'H }  NMR 8 : 147.6 (br 
m), 137.8, 136.6, 134.3, 133.9, 131.3 (br m), 19.3, 19.0. 3,P{'H} NMR 8 : 1.85, -45.4. 
Calcd for Ci6H ,8P4: C, 57.50; H, 5.43. Found: C, 57.97; H, 5.23.
Catalytic Synthesis of Dehydrocoupled 1,2-bisphosphinobenzene Pentamer, Pio, 5.8
In a sealed NMR tube, 100 mg (0.588 mmol) o f 5.5 was combined with 0.05 molar 
equivalents (0.0294 mmol, 11 mg) of CpTi(NP/Bu3)(CH2)4 in 0.6 mL toluene-dg. The 
initially light brown solution changed to dark brown with evolution o f gas. After heating 
the solution for one week at 120°C, a large amount of light yellow crystals were 
deposited. The crystals were removed from the NMR tube and exhaustively washed with 
toluene and then pentane. Upon drying in vacuo, 34 mg of material was isolated. Yield: 
35%. Calcd for C40H50Pio: C, 57.85; H, 4.85. Found: C, 57.97; H, 5.23.
Catalytic synthesis of 3,3’-dimethyl-6,8-di-f-Bu-phosphaindoline 5.9
In a Teflon-capped 5 mm NMR tube, 50 mg (0.180 mmol) Mes*PH2 was combined with 
5 mol % CpTi(NPrBu3)(CH2)4 (3.5 mg, 8.98 pmol) dissolved in 0.6 mL toluene-dg. The 
sealed NMR tube was heated to 75°C for 2 hours after which complete conversion to 
phosphaindoline 5.9 was ascertained by 'H and 31P NMR spectroscopy.88
Catalytic synthesis of 3,3’-dimethyl-6,8-di-t-Bu-indoline 5.10
In a Teflon-capped 5 mm NMR tube, 50 mg (0.174 mmol) Mes*N3 was combined with 5 
mol % CpTi(NPrBu3)(CH2)4 (3.4 mg, 8.70 pmol) dissolved in 0.6 mL toluene-dg. The 
sealed NMR tube was heated to 115°C for 4 days, after which complete conversion to 
indoline 5.10 was ascertained by 'H  NMR spectroscopy.228
Synthesis of (CpTi(NPf-Bu3)(PH)2C6H4)2 5.11
To a vial containing a stirring solution of 125 mg (0.324 mmol) CpTi(NP/Bu3)(CH2)4 in 5 
mL o f pentane was added one equivalent (46 mg) o f 1,2-bisphosphinobenzene. The 
solution immediately turned color from yellow to red with evolution o f gas. After 
stirring for 30 minutes, a red precipitate formed. The solids were separated from the
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solvent by decantation and washed 3 x 3  mL pentane. The solid was dried in vacuo 
yielding 115 mg of red powder. Yield: 76%. Crystals suitable for X-ray diffraction were 
obtained from a pentane/Et2 0  solution cooled to -35°C. 'H NMR 5: 7.79 (d, 2H, Ar, 3Jhh 
= 7 Hz), 7.44 (br s, 2H, Ar), 7.0 (t, 2H, Ar, 3J HH = 7 Hz), 6 .86  (t, 2H, Ar, 3J HH = 7 Hz), 
6.30 (s, 10H, Cp) 5.39 (d, 2H, PH, ' j PH = 236 Hz), 4.13 ppm (d of m, 2H, PH, ‘j PH = 157 
Hz), 1.27 (d, 54H, t-Bu, 3JPH = 13 Hz). '^ { 'H }  NMR 6 : 132.7, 130.5, 129.7, 128.9,
128.7, 128.1-128.6 (m, obscured by C6D6), 127.6, 122.0, 108.0 (s, Cp), 41.0 (d, PC, ‘j PC 
= 45 Hz), 23.0 (s, CH3). 31P NMR 6 : 36.3 (s, NP(/-Bu)3), -18.7 (d, ' j PH = 157 Hz), -72.2 
(d, ' J PH = 236 Hz). Anal. Calc, for C5iH8gN2P6Ti2: C, 60.60; H, 8.77; N, 2.77. Found: C, 
60.50; H, 9.21; N, 2.69.
Synthesis of Cp*Ti(NPriBu3)(PH)2C6H4 5.12
To a vial containing a stirring solution o f 100 mg (0.220 mmol) Cp*Ti(NP/Bu3)(CH2)4 in 
5 mL of pentane was added one equivalent (31 mg) o f 1,2-bisphosphinobenzene in 5 mL 
o f pentane. The solution immediately turned color from yellow to green. After stirring 
overnight, a green precipitate formed which was washed 3 x 5  mL pentane and dried 
under vacuum to give 89 mg o f green powder. Crystallation from a Et20  solution cooled 
to -35°C gave pure material suitable for single crystal X-ray diffraction. Yield: 60%. 'H 
NMR 8 : 7.58 (m, 2H, Ar), 7.01 (m, 2H, Ar), 4.67 (d, 2H, PH, ' j PH = 179 Hz), 2.06 (s, 
15H, Cp*) 1.24 (d, 27H, /-Bu, 3JPH = 13 Hz). ^ C i’H} NMR (partial) 5: 135.9, (d, PCips0, 
'JPC -  26 Hz), 125.8, 122.4, 42.1 (d, PC, ‘j PC = 44 Hz), 30.0, 12.7. 31P NMR 5: 41.9 (s, 
NP/-Bu3), 34.9 (d, 'JPH = 179 Hz).
Synthesis of CpTi(NP/-Bu3)(PPh)3 5.13
To a sealed glass vessel fitted with a Teflon stopcock containing 75 mg (0.195 mmol) 
CpTi(NP/Bu3)(CH2)4 in 2 mL of toluene was added three equivalents (64 mg, 0.584 
mmol) o f PhPH2. The solution was heated for 5 hours at 110°C resulting in a red colored 
solution. Upon cooling a red solid precipitated. The solvent was decanted from the 
solids and the solids were dissolved in 7 mL o f hot toluene. Upon cooling to room 
temperature the solution was layered with 5 mL of pentane and cooled to -35°C for three 
days giving red block-like crystals. Crystals were isolated by decantation and washed 3 x
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5 mL portions of cold pentane giving 30 mg o f material. Yield: 23%. *H NMR 8 : 8.66 
(br s, 2H, Ph), 7.86 (br s, 4H, Ph), 7.00 - 7.21 (m, 9H, Ph), 5.76 (s, 5H, Cp), 1.03 (d, 27H, 
f-Bu, 3JPH = 13 Hz). 13C{‘H} NMR (partial) 5: 133.5-133.9 129.7-130.0 (m), 128.1-128.6 
(m, obscured by C^Ds), 126.3, 126.0, 112.4 (s, Cp), 41.7 (d, PC, 'jpc = 70 Hz), 30.0 (s, 
CH3). 31P NMR 8 : 135.1 (d, P(Ph)P(Ph)P(Ph), ' j PP = 303 Hz), 40.0 (s, NP(f-Bu)3), -120.6 
(t, P(Ph)P(Ph)P(Ph), ‘JPP = 303 Hz). Anal. Calc, for C35H47NP4TU C, 64.33; H, 7.25; N, 
2.14. Found: C, 64.56; H, 7.68; N, 2.23.
Synthesis of [Cp*2Zr(H)(PH)2C6H4] [Li(THF)4] 5.15
To a stirring mixture o f [Cp*2ZrH3][Li] (100 mg, 0.269 mmol) in 5 mL THF was added 
38 mg of 1,2-bisphosphinobenzene (0.269 mmol) in 5 mL THF. The mixture 
immediately turned green along with vigorous evolution o f gas (H2). The mixture was 
stirred for 2 hours and filtered through celite. The THF solution was then layered with 
pentane and after 2 days 74 mg of plate-like crystals were isolated by filtration. Yield: 
55%. 'H  NMR (THF-dg) 8 : 6.85 (br s, 2H, C6H4), 6.68 (br s, 2H, C6H4), 2.78 (d o f d o f d 
o f d, 2H, PH, ‘j PH = 215 H z ,3Jph = 19 Hz, J = 11 Hz, J = 2 Hz), 2.36 (d of d o f m, PH, 
'J ph = 168 Hz, 3JpH = 23 Hz), 1.79 (s, Cp*). 13C{‘H} NMR (THF-dg) 8 : 131.4, 127.5,
119.6 (d, 'Jpc = 63 Hz), 110.3, 13.0. 31P NMR (THF-dg) 8 : -34.6 (d o f d of d o f d, ' j PH = 
214 Hz, 2Jph = 74 Hz, 2JPP = 25 Hz, 3JPH = 19 Hz), -37.7 (d o f d of d, ’Jph = 168 Hz, 2JPP -  
25 Hz, 3Jpa = 23 Hz). Due to the highly reactive nature of this product, reliable elemental 
analysis data were not obtained.
5.2.5 X-ray Data Collection, Reduction, Solution and Refinement
See Section 2.2.4 for general methods. Single crystal X-ray structures were obtained for 
5.2, 5.5, 5.6, 5.8, 5.11, 5.12, 5.14 and 5.15. Selected crystallographic data are included in 
Table 5.1. ORTEPs and selected bond lengths and angles are provided in Figures 5.2, 
5.4, 5.6, 5.10, 5.17, 5.19 and 5.20. Compound 5.5 was found to have two fold disorder of 
the PH? and CH3 groups. Due to similar ipso-C-P and ipso-C-C bond lengths, the carbon 
and phosphorus atom positions could not be determined. Thus the ipso-C-P bond length 
was restrained to 1.817 A based on the average ipso-C-P bond lengths for primary
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phosphines found in the Cambridge Crystallographic Database. Similarly, the ipso-C-C 
bond lengths were restrained to 1.511 A based on the average ipso-C-C lengths found in 
the P,o molecule, 5.8. The anisotropic displacement parameters for the exocyclic carbon 
atoms were restrained to use the same anisotropic thermal parameters as the cyclic carbon 
atoms they were bonded to since in the unrestrained model, the thermal ellipsoids were 
distorted due to the disordered phosphorus atoms. Due to the disorder in the structure, 
the P-H hydrogen atoms could not be located in the electron difference map and thus 
were not included in the final refinement. Multiple crystals o f compound 5.15 were 
analysed in attempts to produce a reasonable data set. The best data set is presented; 
however due to the poor quality of the data, reliable structural parameters are not 
available and the structure presented can only be used to establish connectivity.
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Table 5.1: Selected Crystallographic Data for Compounds 5.2, 5.5, 5.6, 5.8, 5.11, 5.12, 
5.14 and 5.15.
5.2 5.5 5.6 5.8
Formula C26H32P2 CsHi2P2 Cl2H10P4 C20H20P 5
Formula weight 406.46 170.12 278.08 415.21
a(A) 6.0720(7) 6.681(6) 10.3018(4) 18.067(1)
b(A) 8.511(10) 8.219(7) 13.0208(5) 9.3530(7)
c(A) 11.093 (1) 17.53(2) 9.7272(4) 25.157(2)
a(°) 95.991(1)
P O 90.746(1) 94.965(9) 103.567(1) 103.125(1)
y(°) 91.964(1)
Crystal System Triclinic Monoclinic Monoclinic Monoclinic
Space group P-l P2,/n P2,/c C2/c
V(A3) 569.7(1) 959(1) 1268.38(9) 4140.1(5)
d(calc), gem'1 1.185 1.178 1.456 1.332
Z 1 4 4 8
Abs coeff, p, cm'1 0.200 0.383 0.563 0.443
Data collected 5495 8837 6113 19403
Data F 02> 3 ct(F o2) 2002 1680 1819 3641
Variables 134 108 153 231
R 0.0423 0.0763 0.0266 0.0367
Rw 0.1186 0.2465 0.0719 0.0907
GOF 1.044 1.361 1.051 1.049
5.11 5.12 5.14 5.15
Formula C27H38NP3Ti C2SH48NP3Ti C35H54NP3Ti C42H67Li04P2Zr
Formula weight 517.39 539.48 629.60 796.06
a(A) 14.213(2) 10.565(2) 11.181(7) 15.368(8)
b(A) 13.583(2) 17.871(3) 11.298(7) 14.040(8)
c(A) 29.320(4) 16.436(3) 27.91(2) 21.00(1)
PO 91.859(2) 106.084(2) 94.475(8)
Crystal System Monoclinic Monoclinic Orthorhombic Monoclinic
Space group P2,/n P2,/c P2,2,21 P2,/c
V(A3) 5658(1) 2981.8(8) 3526(4) 4517(4)
d(calc), gem'1 1.215 1.202 1.186 1.171
Z 8 4 4 4
Abs coeff, p, cm-1 0.487 0.464 0.402 0.350
Data collected 53003 28482 34204 42231
Data F02 >3a(F02) 9964 5249 6211 7949
Variables 533 320 376 329
R 0.0975 0.0421 0.0902 0.1144
Rw 0.2004 0.1065 0.1218 0.2648
GOF 1.134 1.011 0.977 0.967
All data collected at 24°C with Mo Ka radiation (A = 0.71073 A), 
R = S||F0|-|FC|| / S|F0|, Rw = [Z[cpF02-Fc2)2] / S[coF02)2]]0-5
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5.3 Results and Discussion
5.3.1 Synthesis of Phosphinimine-Based Titanacycles and Zirconacycles
A previous report from our group has highlighted the synthesis o f titanium-based 
metallacycles supported by the phosphinimine ligand.220 These compounds are prepared 
in a straight forward manner via reaction of Cp^NPR^TiCh (Cp’ = Cp or Cp*) with 
magnesium metal in the presence o f ethylene (Figure 5.1). Although these species are 
best formulated as Ti(IV) metallacycles in the solid state, experimental evidence reveals 
that they can also behave as Ti(II) bisethylene complexes,220 thus providing a convenient 
titanium(II) synthon.
Efforts to extend this chemistry to zirconium using similar techniques have shown that 
these species are also isolable. The pentamethylcyclopentadienyl-based zirconium 
derivative, Cp*Zr(NP/-Bu3)(CH2)4 5.1 was prepared from Cp*Zr(NP/-Bu3)Clo and 
isolated as a light brown material. The NMR data are similar to the previously prepared 
titanium analogue. Attempts to synthesize amino-substituted phosphinimine analogues to 
provide systems with varying steric and electronic properties were hampered by the 
formation o f impure black colored oil in the case of CpTi(NP(NEt2)3)(CH2)4 or an impure 
black colored solid in the case o f CpTi(NP(NEtPh)3)(CH2)4 and efforts to purify these 
crude materials were not successful.
Figure 5.1: Formation of phosphinimine-based metallacycles.
5.3.2 Dehydrocoupling of Secondary Phosphines
To test the effectiveness o f the phosphinimide-based titanacycles in the dehydrocoupling 
of phosphines, compound CpTi(NP/Bu3)(CHo)4 was used due to the availability o f  the 
dichloride precursor in our laboratory. Heating PI12PH with 5 mol %
Mg (powder)
5.1 M = Zr, Cp’ = Cp*, R = f-Bu
5.14 M = Ti, Cp' = Cp, R = f-Bu
5.15 M = Ti, Cp' = Cp*, R = f-Bu
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CpTi(NPffiu3)(CH2)4 in toluene for seven days at 75°C gave approximately 50% 
conversion to the diphosphine (Ph2P)2- This is in contrast to catalysis by the zirconium 
trihydride [Cp*2ZrH3][Li], which resulted in 87% conversion to the diphosphine after 24 
hours in hot THF (95°C) with 2.5 mol % catalyst loading82 and the Rh-based system, 
Cp*Rh(H2CC(H)TMS), that resulted in 63% conversion after 27 hours at 70°C with 7.8 
mol % catalyst loading.88 Examples o f dehydrocoupling of other phosphines are 
provided in Table 5.2.




R R’ Time Temp.
(°C)
% Conversion
5 Ph Ph 7 days 75 50 (Ph2P)2
5 Et Et 7 days 75 10 (Et2P)2
1 Ph H 9 days 110 41 (PhP)s, 22 (meso/rac- PhP(H)P(H)Ph), 
4 (PhP)6, trace (PhP)4
10 Mes H 10 days 120 10 (meso/rac- MesP(H)P(H)Mes)
10 Trip H 10 days 120 5 (meso/rac- TripP(H)P(H)Trip)
5 Phes H 20 hours 75 30 meso/rac- PhesP(H)P(H)Phes)
a) Solvent = toluene
In efforts to extend this chemistry to the synthesis of polymeric materials, a bis- 
phosphine framework was selected that was easily accessible and easy to handle. Thus 
the a , a ’-p-xylene framework was selected based on the commercial availability o f the 
dibromide starting material and the ease o f synthesis o f the analogous benzyl phosphine 
derivatives. The mesityl group was chosen as the secondary group on the phosphorus 
center as the methyl groups should aid in the solubility of the final bis-phosphine product 
and the subsequent polymeric material. Synthesis involved reacting two equivalents o f in 
situ generated MesPHLi with a , a ’-dibromo-/?-xylene in THF. Upon workup, a colorless 
crystalline solid a , a ’-(MesPH)-/?-xylene 5.2 was obtained. (Figure 5.2) Unfortunately, 
the solubility of the final product in hot toluene was low. The ]H NMR spectrum reveals 
symmetric mesityl environments and the diagnostic P-H doublet at 4.41 ppm ( 'Jph =210 
Hz). A doublet at -73.9 ppm (!Jph = 210 Hz) in the proton coupled 31P NMR spectrum 
also supported the formation of the secondary phosphine.




\  + 
H
THF
Figure 5.2: Synthesis o f a , a ’-(MesPH)-p-xylene 5.2.
The single crystal X-ray structure confirmed the formulation, revealing the two mesityl 
groups in a trans configuration, with the torsion angle between the zjnso-carbons of the 
mesityl and benzyl rings at 59.2° (Figure 5.3). The bond distances between phosphorus 
and the zjtwo-mesityl (1.830(2) A) and benzyl carbon (1.857(2) A) are similar to those 
reported for the related compound [K][MesP(H)CH2C6H4(p-S0 3 )].229
Figure 5.3: ORTEP of 5.2, 30% thermal ellipsoids are shown. Hydrogen atoms (except 
H (l) and H (la)) are omitted for clarity. Distances (A) angles (°): P (l)-C (l) 1.830(2), 
P(l)-C(10) 1.857(2), C(l)-P(l)-C(10) 100.98(8), C (ll)-C(10)-P(l) 114.64(13).
Attempts to form oligomeric or polymeric materials composed of 5.2 were unsuccessful 
using either CpTi(NP?Bu3)(CH2)4 or [Cp*2ZrH3][Li] in a variety o f organic solvents and 
at various temperatures. This is presumably due to the insolubility of 5.2 and presumably 
any intermediates formed in the dehydrocoupling reaction.
5.3.3 Dehydrocoupling of Primary Phosphines
Dehydrocoupling also occurs for primary phosphines and a number o f products are 
noticed in the 31P NMR spectra. For example, in the dehydrocoupling reaction o f PhPH2 
with 1 mol % CpTi(NPtBu3)(CH2)4 (Figure 5.4), there is a doublet in the proton
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decoupled 3IP NMR spectrum located at 136.6 ppm ( !J p p  = 304 Hz), a triplet at -119.9 
ppm ('jpp = 304 Hz) and a singlet at 41.0 ppm (Figure 5.4). These peaks are present 
throughout the reaction and are assigned to the species CpTi(NP/-Bu3)(PPh)3 5.13 based 
on comparisons to Cp2Zr(PPh)3 (89.1 ppm, d, 349.9 Hz; -187.3 ppm, t, 349.9 Hz),230 
Cp*2Zr(PPh)3 (62 ppm, d, 247 Hz; -135.9 ppm, t, 247 ppm)231 and Cp2Ti(PPh)3 (THF, 
180.9 d, 323 Hz; -184.9 ppm, t, 323 Hz232; C6D6, 191.2 d, 336.6 Hz; -186.3 ppm, t, 336.6 
Hz) 233 The single crystal structure of the proposed species was obtained several years 
prior by Chad Beddie o f our group from the reaction o f CpTi(NPf-Bu3)Cb with PhPHLi 
and has been repoduced in Figure 5.5 for illustrative purposes.234 However, due to the 
lack o f NMR spectral data associated with this species, the proposed formulation was 
confirmed through direct synthesis o f 5.13 by reacting CpTi(NP/Bu3)(CH?)4 with three 
equivalents o f PI1PH2.
Presumably CpTi(NPfBu3)(CH2)4 reacts with one equivalent o f PhPH? with the loss o f H2 
to give the transient titanium phosphinidine, Cp(r-Bu3PN)Ti=PPh, which most likely 
exsts as a dimer (Figure 5.6). This species then reacts with a second equivalent o f  PI1PH2 
with loss o f H2 to give the transient diphosphinato species Cp(/-Bu3PN)Ti(PR)2, based on
m i
comparisons with the literature for the formation of Cp*2Zr(PMes)2 and
(Me4EtCp)2Zr(PMes)2236 and of the formation of Cp(f-Bu3PN)Ti(PMes)2 (vide infra). 
The diphosphinato species then reacts with a third equivalent o f PhPH3 to give 5.13. 
Attempts to observe the titanium phosphinidine or diphosphinato species using 31P NMR 
spectroscopy by combining CpTi(NP/Bu3)(CH2)4 with one or two equivalents o f PI1PH2 
proved to be fruitless.
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3 days, 121.5 M hz, proton decoupled PhPH
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Figure 5.4: P NMR spectra highlighting products and intennediates formed in the
dehydrocoupling of PI1PH2 with 1 mol % CpTi(NP/Bu3)(CH2)4 at 110°C.
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Figure 5.5: ORTEP of 5.13, 30% thermal ellipsoids are shown. Hydrogen atoms have 
been omitted for clarity.
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Figure 5.6: Probable intermediates in the formation of 5.13.
After heating the catalytic reaction to 100°C for three days, two peaks appear at -65.1 and 
-68.4 ppm, which are assigned to meso- and racem/c-PhP(H)P(H)Ph (Figure 5.4) .87,237,238 
In the proton coupled 3IP spectrum, these peaks appear as AA’BB’ multiplets, confirming 
this assignment. Additionally, a series of minor peaks located between -35 and -70 ppm 
have been tenatively assigned to Ph(H)PP(Ph)P(Ph)P(H)Ph and higher oligomers 
Ph(H)P(PPh)nP(H)Ph.238,239 These species are most likely produced by the rearrangement
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of m eso /racem ic-?h?(R )? (K )V h ,  which has been found to form PhPHo, cyclic oligomers 
(RP)n and Ph(H)P(PPh)nP(H)Ph (predominatly n = 3).238 Upon heating for thirteen days, 
in addition to the peaks mentioned above, three additional signals appeared which were 
assigned to (PPh)4 (-46.8 ppm, s; literature -48.7 ppm, s240), (PPh)5 (complex multiplet,
2.8 to -2.6 ppm, tallest peak -1.5; literature multiplet, tallest peak -2.87 ppm241, -4.7 
ppm242, -1.5 ppm243) and (PPh)6 (-20.5 ppm, s; literature -21.8 ppm, s240). By integration, 
(PPh)5 represents the majority o f the product, which is not surprising since (PPfrk and 
(PPh)6 are known to rearrange into (PPh)s upon heating.244,245 Similarily, it has been 
shown that oligomers o f the type Ph(H)P(PPh)„P(H)Ph (n = 4) rapidly rearrange at room 
temperature into (PPh)4 and me,so/raemzc-PhP(H)P(H)Ph.246 Higher oligomers (n = >4) 
likely also undergo this kind o f rearrangement, thus if  they are formed in the reaction 
they would also rearrange into (PPh)n, meso/racemic-PhP(H)P(H)Ph and possibly other 
species. One could also speculate that the species (PPh)6 could be formed from the 
dehydrocoupling o f Ph(H)P(PPh)nP(H)Ph (n = 3), which also most likely appears in 
solution. To ensure that the dehydrocoupling was not occurring in the absence o f 
catalyst, a solution of PhPH2 in xylenes was heated to 140°C in a sealed NMR tube for 24 
hours and no change in the 31P NMR spectmm was noted. In addition, upon heating 5 
mol % 5.13 with PI1PH2 the dehydrocoupling reaction also occurs, confirming the 
intermediate role o f species 5.13. Thus in these dehydrocoupling reactions it is shown 
that the initial dehydrocoupling occurs from the reaction of PI1PH2 with the titanium 
catalyst to form 5.13, which then can lose either meso/racemic-?hP(H)P(H)Ph or 
Ph(H)P(PPh)P(H)Ph upon further reaction with PI1PH2. These species then rearrange or 
undergo further dehydrocoupling reactions to give a wide variety o f species which then 
ultimately form (RP) 5 as the thermodynamically favored product.
In the catalytic dehydrocoupling of more sterically hindered primary phosphines, the 
reaction is much slower. For example, after 10 days at 120°C, there was only 
approximately 10% conversion to RP(H)P(H)R when R = Mes and 5% conversion when 
R = Trip. Known cycic oligomers such as (RPfr,247,248 (RP)4247 or (RPfr81 were not 
detected. In attempts to isolate intermediates of the catalytic cycle, equimolar amounts o f 
MesPH2 with CpTi(NPiBu3)(CH2)4 were reacted in pentane. Upon cooling the reaction
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mixture to -35°C, a few black colored crystals precipitated. X-ray analysis identified this 
as the formulation CpTi(NP(?-Bu)3)(PMes)2 5.14 (Figure 5.7). Attempts to purify the 
product synthesized in the reaction of CpTi(NP/Bu3)(CH2)4 with two equivalents of 
MesPH2 were unsuccessful.
Figure 5.7: ORTEP of 5.14, 30% thermal ellipsoids are shown. Hydrogen atoms and t- 
BU-CH3 groups are omitted for clarity. Distances (A) angles (°): T i(l)-N (l) 1.813(8), 
Ti(l)-P(2) 2.470(4), T i(l)-P (l) 2.491(4), P(l)-P(2) 2.189(4), P(3)-N(l) 1.594(8), N (l)- 
T i(l)-P (l) 113.5(3), N(l)-Ti(l)-P(2) 103.2(3), P(2)-Ti(l)-P(l) 52.3 (1), P(2)-P(l)-Ti(l) 
63.3 (1), P(l)-P(2)-Ti(l) 64.3(1), P(3)-N(l)-Ti(l) 163.9(5), C(10)-P(2)-P(l) 111.7(4), 
C(10)-P(2)-Ti(l) 114.3(4), C(l)-P(l)-P(2) 104.1(4), C (l)-P (l)-T i(l) 107.2(4).
The structure reveals the mesityl groups to be in a trans configuration, with Cjpso-P-P  
bond angles o f 104.1(4) and 111.7(4) and with a CjpSo-P-P-CipSo dihedral angle o f 150.0°. 
The Ti-P bond lengths are 2.470(4) A and 2.491(4) A with a P-Ti-P bite angle of 
52.36(11). This compares to the related compounds (EtMe4Cp)2Zr(PMes)2236 (2.659(3) 
A, 48.78(4)°) and Cp*2Zr(PMes)2231 (2.650(3) A and (2.659(3) A, 48.65(9)°), with the 
zirconium compounds exhibiting longer bond lengths and P-Zr-P angles due to the larger 
Zr atom. The P-P bond length in 5.14 of 2.189(4) A is the same as the zirconium 
compounds (2.188(3) A, 2.187(4) A).
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5.3.4 Catalytic P-H and C-H Activation to Form an Indoline and a Phosphaindoline
Attempts to dehydrocouple the extremely sterically bulky Mes*PH2 with 
CpTi(NPtBu3)(CH2)4 resulted in the loss of the characteristic triplet for the primary 
phosphine in the proton coupled 31P NMR spectrum and formation of a new doublet ( 'J ph 
= 175 Hz) at -79.1 ppm, indicating that only one proton remained attached to phosphorus. 
A survey o f the literature revealed that the product was phosphaindoline 5.9 (Figure 
5.8 ).88,249 Although this molecule has been previously reported,249 catalytic synthesis
88 89from Mes*PH2 has only been reported using rhodium-based catalysts. ’ For example, 
formation o f 5.9 in 93% isolated yield was catalyzed by 2 mol % Cp*Rh(CH2=CHTMS)2 
after four hours at 145°C, whereas with 10 mol % (dippe)Rh(r)3-benzyl), 90% conversion 
was attained after 72 hours at room temperature.
C6D5CD3, 115°C 
ER2 = PH2, n 3
Figure 5.8: Catalytic formation of phosphaindoline 5.9 and indoline 5.10.
A proposed mechanism is shown in Figure 5.9, based on literature that gives evidence o f
on
the phosphinidine as a highly reactive intermediate to the phosphaindoline.


















Figure 5.9: Proposed mechanism for the catalytic formation of phosphaindoline 5.9.
In efforts to extend this catalysis, Mes*NH2 was mixed with catalytic amounts of 
CpTi(NPfBu3)(CH2)4 and heated to 120°C in toluene-dg for several days. NMR data 
showed that no reaction occurred with the aniline. To find a more reactive source of 
‘M es*N \ the MesN3 was synthesized following literature procedures.217 Heating 
Mes*N3 with 5 mol % CpTi(NPfBu3)(CH2)4 for four days at 115°C in toluene-ds gave 
indoline 5.10 in quantitative yield by ‘H NMR spectroscopy (Figure 5.8).228 As a control, 
a solution of Mes*N3 in toluene was heated at 120°C for 24 hours with no apparent 
decomposition. However, when the less bulky 2 -f-BuPhN3 was employed, there was no 
catalytic formation o f the indoline, even with a higher catalyst loading o f 10 mol %. 
Presumably C-H bond activation does not occur for this compound due to the fact that the 
sterically bulky f-Bu group preferrentially points away from the reactive titanium center, 
whereas in the case o f Mes*, a f-Bu group must always point towards the titanium center 
(Figure 5.10).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
129
{'Bu f-Bu
Figure 5.10: Preferred orientation of 2-f-Bu-substituted imido titanium compounds
compared to related 2,4,6-tri-f-Bu-substituted derivatives.
5.3.5 Catalytic Dehydrocoupling of 1,2-Bisphosphinobenzene
The zirconocene trihydride, [Cp*2ZrH3][Li], is known to be an effective phosphine 
dehydrocouping catalyst.81’85,86 It is reported that [Cp*2ZrH3][Li] dehydrocouples 1,2- 
bisphosphinobenzene to give the macrocycle Pi6 as a final product.86 Reexamination of 
this reaction was performed by treating 1,2-bisphosphinobenzene with 5 mol % of 
[Cp*2ZrH3][Li] in THF at 70°C. After two days a faint yellow-colored crystalline solid is 
isolated that is sparingly soluble in all solvents tested, including refluxing xylenes,
bromobenzene, benzonitrile and DMSO. Crystallographic analysis o f several single
86crystals confirmed the formation of the previously reported Pi6 macrocycle. Heating 
the material with AlMe3 in toluene at 120°C showed no reaction. Similarly, combining 
the Pi6 macrocycle with [Ag][B(C6F5)4] in CH2CI2 or [Li(OEt2)2][B(C6F5)4] in Et2 0  gave 
no reaction.
Titanacycle CpTi(NPfBu3)(CH2)4 is also effective in the dehydro coupling of 1,2- 
bisphosphinobenzenes. In the reaction o f 1,2-bisphosphinobenzene with 5 mol % 
CpTi(NPfBu3)(CH2)4, 75% conversion to the dehydrocoupled dimer (C6H4(PH)2)2 5.6 is 
obtained after heating at 75°C for 48 hours. Upon heating for an additional 6 days, no 
1,2-bisphosphinobenzene remains and 5.6 is nearly completely consumed. The new 
product consists o f two extremely broad signals, ranging from 34 to 17 ppm and 15 to -3 
ppm. These signals are consistent with the fomiation of the previously reported Pi6 
macrocycle.86 Crystallographic analysis o f several single crystals reveal the formation of 
the Pi6 macrocycle, however, analysis of the bulk sample by powder diffraction shows 
that there is a small amount of crystalline impurity present that does not consist o f the Pie 
macrocycle or 5.6 (Figure 5.11). There is the possibility of other products such as a
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linear oligomer consisting of P4 units (Figure 5.12), or o f other oligomeric species (vide 
infra).
2000





Figure 5.11: Powder X-ray pattern for the solids isolated from the dehydrocoupling 
reaction o f 1,2-bisphosphinobenzene with CpTi(NP/Bu3)(CHi)4. Simulated pattern for 
Pi6 (bottom) and experimental (top).
H— P
\  /
/ p\  / p-'R
\  /
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Figure 5.12: Possible linear oligomeric material consisting o f P4 units.
Halting the dehydrocoupling reaction o f 1,2-bisphosphinobenzene after 48 hours allows 
for the isolation o f 5.6. 31P NMR data match the literature data.227 The 31P{]H} spectrum 
features two sets of peaks consisting of a AA’BB’ spin system, centered at -4.2 ppm and -
48.6 ppm for the interstitial and P-H phosphorus atoms, respectively (Figure 5.13). The 
coupling constants are as follows: Jab -  230 Hz, Ja-b = 3.6 Hz, Jaa* = 0.25 Hz and Jbb’ =
255.8 Hz, matching the literature data. The P-H signal in the !H NMR spectrum is 
composed of a set o f broad doublet of doublets ('Jph = 209.0 Hz and 2Jph -  8.0 Hz).





-5 2 .0-36.0 -44 .0-28 .0-4 .0 - 12.0 - 20.0PPM  4.0
Figure 5.13: Proton decoupled and proton coupled 31P spectra (121.497 MHz) o f 5.6 
illustrating the signals arising from the AA’BB’ and A A ’BB’CC’ spin systems, 
respectively.
Single crystals o f 5.6 were grown from a cooled toluene solution and analysis by single 
crystal X-ray diffraction (Figure 5.14) shows a structure reminiscent o f the analogous
or
dehydrocoupled dimer o f 1,2-diphophinoethane reported by Hoskin et al. The 
phosphorus atoms are arranged in a zig-zag arrangement consisting of two inner 
phosphorus atoms connected one another, each connected to an outer phosphorus atom 
and an aryl carbon. The two outer phosphorus atoms are each bonded to an aryl carbon 
and a hydrogen atom. The hydrogen atoms are located in an outer trans position. The P- 
P bond lengths range from 2.1919(8) A to 2.2085(7) A and are similar to the the P-P 
bond length seen in white phosphorus (2 .2 1 (2 ) A).153
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Figure 5.14: ORTEP of 5.6, 30% thermal ellipsoids are shown. Hydrogen atoms (except 
H(2) and H(4)) are omitted for clarity. Distances (A) angles (°): P (l)-C (l) 1.838(2), P(l)- 
P(4) 2.1952(8), P(l)-P(3) 2.2085(7), P(4)-C(12) 1.837(2), P(3)-C(7) 1.837(2), P(3)-P(2) 
2.1919(8), P(2)-C(6) 1.834(2), C(l)-P(l)-P(4) 99.67(6), C(l)-P(l)-P(3) 98.08(6), P(4)- 
P(l)-P(3) 96.19(3), C(12)-P(4)-P(l) 98.73(6), C(7)-P(3)-P(2) 99.13(6), C(7)-P(3)-P(l) 
98.23(6), P(2)-P(3)-P(l) 96.35(3), C(6)-P(2)-P(3) 99.04(7), C(7)-C(12)-P(4) 121.2(1), 
C(l)-C(6)-P(2) 121.1(2).
Intermediates were isolated in the 1:1 reaction of CpTi(NPfBu3)(CH2)4, 
Cp*Ti(NP/Bii3)(CH2)4 or [Cp*2ZrH3][Li] with 1,2-bisphosphinobenzene. Upon addition 
o f 1,2-bisphosphinobenzene to a pentane solution o f CpTi(NP?Bu3)(CH2)4, the solution
31 1turned from a yellow color to a red color with precipitation o f a red solid. The P { H} 
NMR spectrum reveals a singlet at 36.3 ppm, typical o f a titanium-bound phosphinimide,
31as well as two other singlets at -18.7 ppm and -72.2 ppm. In the proton coupled P 
spectrum, the signal at -18.7 ppm is spilt into a doublet (’Jph = 157 Hz) and the signal at -
72.2 ppm is also split into a doublet ('Jph = 236 Hz). These signals are similar to the 
those assigned by Hey for the meso (-77.5 ppm) and racemic (-29.3 ppm) products o f the
9 ̂  A
reaction o f Cp2ZrMe2 with 1,2-bisphosphinobenzene (Figure 5.15)."
meso racemic
Figure 5.15: Meso and racemic forms of Cp2Zr((PH)2C6H4) claimed by Hey.250
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However, in this case single crystal X-ray diffraction showed that the product is not a 
five membered chelate in the solid state, but rather a dimer where there are two 1,2- 
diphosphidobenzene units between the titanium fragments (Figure 5.16). In addition to 
one Cp and one phosphinimide substituent, each titanium center is bound to one terminal 
and two bridging phosphorus atoms. The structure reveals that the Cp substituents are in 
a cis configuration and in a similar fashion, the phosphinimide groups are slightly 
staggered from one another, with a N-Ti-Ti-N dihedral angle o f 44.97°. In addition, the 
two aryl rings o f the bisphosphinobenzene units are angled towards the Cp substituents 
and thus away from the bulkier phosphinimide ligands. The phopshine bound hydrogen 
atoms o f the bridging phosphine atoms are found to point towards the phosphiniminde 
substituents, while the non-bridging phosphine bound hydrogen atoms are found to point 
in the opposite direction, towards the Cp groups. The Ti-N distances (1.804(5) A and 
1.816(5) A) and the nearly linear Ti-N-P angles (175.8(3)° and 176.3(3)°) are typical of 
titanium phopshinimide compounds.251,252 The the Ti-P distances o f  the bridging 
phosphides range between 2.635(2) A and 2.654(2) A. Although there are no other 
examples o f Ti(IV) systems with bridging phosphinidines, there are Ti(III) species with 
bridging secondary phosphides where the Ti-P bond lengths are 2.622(3) A and 2.616(3) 
A for [Cp2Ti(p-PEt2)]2253 and 2.643(5) A for (Cp2Ti)2(p-H)(p-PCy2) .87 The Ti-P 
distances o f the terminal phosphides are 2.586(2) A and 2.580(2) A, and are similar to the 
only other crystallographically characterized Ti(IV) phosphide CpTiP(H)Ph(OAr)2 
(2.543(3) A).254 The Ti-Ti distance (4.437(2) A) indicates that there is no significant 
interactions between the titanium centers, and is significantly longer than in [Cp2Ti(p- 
PEt2)]2 (3.732(1) A and 3.456(4) A).253
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Figure 5.16: ORTEPs of 5.11, A,B - Two alternate orientations o f 5.11, 50% thermal 
ellipsoids are shown. Hydrogen atoms (except H(l)-H(4)) and M311-CH3 groups are 
omitted for clarity. C - View o f 5.11 with hydrogen atoms (except H(l)-H(4)), Cp and t- 
Bu groups omitted for clarity, 30% thermal ellipsoids are shown. Distances (A) angles 
(°): T i(l)-N (l) 1.804(5), Ti(l)-P(l) 2.586(2), Ti(l)-P(2) 2.635(2), Ti(l)-P(3) 2.654(2), 
Ti(2)-N(2) 1.816(5), Ti(2)-P(4) 2.580(2), Ti(2)-P(3) 2.642(2), Ti(2)-P(2) 2.645(2), P(5)- 
N (l) 1.597(5), P(6)-N(2) 1.588(5), N (l)-T i(l)-P (l) 89.3(2), N(l)-Ti(l)-P(2) 116.1(2), 
P(l)-Ti(l)-P(2) 71.19(6), N(l)-Ti(l)-P(3) 96.2(2), P(l)-Ti(l)-P(3) 132.11(7), P(2)-Ti(l)- 
P(3) 63.71(5), N(2)-Ti(2)-P(4) 89.2(2), N(2)-Ti(2)-P(3) 120.0(2), P(4)-Ti(2)-P(3) 
70.70(6), N(2)-Ti(2)-P(2) 97.2(2), P(4)-Ti(2)-P(2) 130.54(7), P(3)-Ti(2)-P(2) 63.74(5), 
Ti(l)-P(2)-Ti(2) 114.36(7), Ti(2)-P(3)-Ti(l) 113.85(7), P(6)-N(2)-Ti(2) 175.8(3), P(5)- 
N (l)-T i(l) 176.3(3).
The bulkier Cp* analogue 5.12 was reacted with 1,2 -bisphosphinobenzene and analysis 
by 3!P NMR spectroscopy shows the formation o f one product, consisting o f a 
phosphinimide-based singlet at 41.9 ppm and a doublet located at 34.9 ppm (*Jph -  179 
Hz). Pertinent data from the 'H NMR spectrum shows Cp* and phosphinimide f-Bu 
signals as well as a doublet at 4.67 ppm ('Jph = 179 Hz) consistent with a phosphorus- 
bound proton. Analysis by single crystal X-ray diffraction reveals a monomeric system 
with one 1,2-diphosphidobenzene unit bound to titanium (Figure 5.17). The phosphine- 
bound hydrogen atoms are in a meso configuration, and the aryl ring is bent towards the
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phosphinimide t-Bu groups with C ^ -P -T i angles o f 98.12(9)° and 97.71(9)°. The Ti-P 
bond lengths are 2.4998(9) A and 2.5046(9) A, shorter than the non-bridging Ti-P bonds 
seen in compound 5.11 (2.586(2) A and 2.580(2) A). The NMR and single crystal X-ray 
data from compounds 5.11 and 5.12 infers that Hey’s original assignment o f meso and 
racemic isomers to Cp2Zr(PH)2CgH4 may not be correct and that the compound forms a 
dimer as seen in compound 5.11.
Figure 5.17: ORTEP o f 5.12, 30% thermal ellipsoids are shown. Hydrogen atoms (except 
H (l) and H(2)) are omitted for clarity. Distances (A) angles (°): T i(l)-N (l) 1.812(2), 
Ti(l)-P(2) 2.4998(9), T i(l)-P(l) 2.5046(9), P(3)-N(l) 1.600(2), N (l)-Ti(l)-P(2) 
105.57(7), N (l)-T i(l)-P (l) 103.01(7), P(2)-Ti(l)-P(l) 81.18(3), C (l)-P (l)-T i(l) 98.12(9), 
C(2)-P(2)-Ti(l) 97.71(9), P(3)-N(l)-Ti(l) 176.2(1).
The discovery o f monomeric 5.12 lead to further investigation into the composition of 
5.11 in solution. In the 'H  NMR spectrum, two sets o f P-H coupled signals appear as 
doublets located at 4.13 ppm ('Jph = 157 Hz) and 5.39 ppm (!Jph -  236 Hz). A NOESY 
spectrum was used to determine the assignment o f the P-H signals. The largest cross 
peak with the phosphinimide f-Bu groups is correlated to the doublet at 5.39 ppm. The 
second, less intense cross peak is related to the doublet at 4.13 ppm. With this 
information, it can be determined that the high frequency doublet is associated with the 
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Bu groups, whereas the lower frequency doublet is associated with the outer phosphorus 
protons which are further away from the f-Bu groups. To investigate the robustness of 
the dimer in solution, the monomeric 5.12 was added to a C6D6 solution of 5.11 and no 
exchange o f 5.12 with 5.11 was noted. Furthermore, addition o f pyridine to a C6D6 
solution of 5.11 does not break the dimeric structure.
One equivalent o f [Cp*2ZrH3][Li] reacts with 1,2-bisphosphinobenzene to give the mono 
hydride 5.15 as green crystals upon workup. Crystallographic analysis reveals the 
zirconocene monohydride anion with a chelated dianionic 1,2 -(PH)2C6H4 fragment 
(Figure 5.18). Due to the poor quality o f the data set, the structure did not refine well and 
reliable metrical parameters are not available. Nonetheless, the basic connectivity of the 




Figure 5.18: ORTEP of the anion of 5.15, 30% thermal ellipsoids are shown. Hydrogen 
atoms (Except H (l)) have been omitted for clarity.
31P{1H} NMR spectral data agree with the literature data86 for the in situ prepared 
species: two sets o f doublets located at -34.6 ppm and -37.7 ppm each with a two-bond P- 
P coupling constant o f 25 Hz. A more detailed examination o f the proton coupled 
spectrum shows a complex set o f signals arising from coupling to the hydride and P-H
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protons. The signal at -37.7 ppm is split into a doublet o f pseudo triplets which consist of 
a one-bond P-H coupling constant o f 168 Hz, a two-bond P-P coupling constant of 25 Hz 
and a three-bond P-H coupling constant of 23 Hz. The signal centered at -34.6 ppm is 
split into a doublet o f doublet of pseudo triplets consisting o f a one-bond P-H coupling 
constant o f 214 Hz, a two-bond P-H coupling constant o f 74 Hz with the Zr-hydride, a 
two-bond P-P coupling constant o f 25 Hz and a three-bond P-H coupling constant o f 19 
Hz. In addition, the 'H NMR spectrum shows two sets of P-H signals located at 2.78 and 
2.35 ppm. The former signal appears as a doublet o f doublets of doublets of doublets, 
featuring a 214 Hz one-bond P-H coupling constant, a 19 Hz three-bond P-H coupling 
constant, a coupling constant o f 11 Hz which is most likely a three-bond coupling to the 
Zr-hydride and a 2 Hz coupling which is likely a long distance four-bond coupling with 
the 3,6-aryl protons. The latter signal appears as a doublet of doublets o f multiplets with 
a large one-bond P-H coupling constant o f 168 Hz, a three-bond P-H coupling constant of 
23 Hz, and the multiplets probably consist of coupling with the 3,6-aryl protons and the 
Zr-hydride. The Zr-H signal appears as a doublet o f multiplets at 2.03 ppm, featuring the 
previously mentioned 74 Hz P-H coupling.
5.3.6 Catalytic Dehydrocoupling of 1,2-Bisphosphinobenzene - A Comparison of 
Catalysts
The related Cp*Zr and Cp*Ti metallacycles, 5.1 and Cp*Ti(NPfBu3)(CH2)4, respectively, 
were tested against CpTi(NPfBu3)(CH2)4 in the catalytic dehydrocoupling o f 1,2- 
bisphosphinobenzene, to probe the different steric and electronic properties o f the 
catalysts (Table 5.3). Under the conditions used, catalyst CpTi(NPfBu3)(CH2)4 
dehydrocoupled 1,2-bisphosphinobenzene with quantitative conversion to the dimer 5.6 
in approximately 18 hours. Under the same conditions, the Cp*Ti analogue 
Cp*Ti(NP?Bu3)(CH2)4 obtained 95% conversion to 5.6 after 14 days. The Cp*Zr 
analogue 5.1 was much less effective, resulting in only 30% conversion after 14 days.
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Table 5.3: Comparison of catalysts 5.1, CpTi(NPfBu3)(CH2)4 and Cp*Ti(NP®U3)(CH2)4 
for the dehydrocoupling of 1,2-bisphosphinobenzene.a_______________
Catalyst Time % Conversion
Cp\  -•— i 






f-BU~ p\  
f-Bu f-Bu
14 days 95





a) General details: 7.04 mmol phosphine, 0.5 mL toluene, 
5 mol % catalyst, 75°C.
5.3.7 Catalytic Dehydrocoupling of 4,5-Dimethyl-1,2-bisphosphinobenzene
Due to the highly insoluble nature o f the Pi6 molecule, efforts were made to develop a 
new substituted 1,2-bisphosphinobenzene system. Substitution of the aromatic ring in the 
4 and 5 positions would allow for increased solubility o f the compounds while not 
increasing the steric bulk around the phosphorus atoms. A survey of the literature 
showed that the only system that was synthetically feasible was 4,5-dimethyl-1,2- 
bisphosphinobenzene. Preparation involved a five-step synthesis (Figure 5.19) which had 
a low overall yield (<15 %).
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Figure 5.19: Five-step synthesis of 4 ,5-dimethyl-1,2-bisphosphinobenzene starting from 
trichloroethylene.
The first three steps of the reaction were high yielding and could easily be done on large 
scale following modified literature procedures. However, the oxidation o f the 1,4- 
cyclohexadiene proved to be extremely low yielding (approx. 30%), even after following 
an optimized literature procedure.221 Finally, the reduction of the diphosphonate gave the 
bisphosphinobenzene following the literature procedure that uses a protocol based on the
925
use o f a trimethylsilylchloride/lithium aluminum hydride-based reducing mixture." The 
NMR spectra are highly reminiscent o f the parent 1,2-bisphosphinobenzene, highlighted 
by the extremely complex P-H coupling in the molecule. The single crystal X-ray 
structure o f 5.5 was obtained (Figure 5.20), however, due to disorder of the PH2 and CH3 
groups, noteworthy structural parameters cannot be obtained (see Section 5.2.5 for further 
details).
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Figure 5.20: ORTEP o f 5.5. Hydrogen atoms have been omitted for clairity.
Reaction of 5.5 with 5 mol % CpTi(NP®U3)(CH2)4 in toluene at 120°C gave the 
corresponding dehydrocoupled dimer as an intermediate, similar to that seen in the 
dehydrocoupling o f 1,2-bisphosphinobenzene. The 31P NMR spectrum reveals the 
signals o f the AA’BB’ spin system at 1.85 ppm and -45.4 ppm. This compares to the 
signals for 5.6 which appear at 4.2 ppm and -48.6 ppm. Upon further heating for one 
week, a faint yellow-colored crystalline solid was deposited. Analysis o f this material by 
solution NMR techniques was hindered due to the highly insoluble nature o f the material 
in typical solvents. Single crystal X-ray diffraction revealed that the product was the 
unprecedented molecule 5.8 consisting of two P^based units bridged by a central P2 
fragment to give a total o f 10 phosphorus atoms (Figure 5.21). The P-P bond lengths 
range from 2.1891(9) A to 2.2716(9) A, similar to the P-P bond length seen in white 
phosphorus (2.21(2) A).153 The P-P-P bond angles range from 92.54(3)° to 103.98(3)°. 
The bite angle o f P (l) and P(4) o f the P 4  unit with the phosphorus atom in the central P2 
unit is 99.90(3)° forming the one-half o f the P 10 molecule.










Figure 5.21: ORTEP of 5.8, 30% thermal ellipsoids are shown. Hydrogen atoms are 
omitted for clarity. Distances (A) angles (°): P l-C l 1.831(2), P1-P3 2.2305(9), P1-P5 
2.2716(9), P2-C2 1.820(2), P2-P3 2.1891(9), P2-P4 2.2546(9), P3-C9 1.824(2), P4-C10 
1.843(2), P4-P5 2.2017(8), P5-C17 1.846(2), C1-P1-P3 90.84(8), C1-P1-P5 96.53(8), P3- 
P1-P5 101.73(3), C2-P2-P3 93.04(8), C2-P2-P4 104.34(8), P3-P2-P4 92.54(3), C9-P3-P2 
93.93(8), C9-P3-P1 104.51(7), P2-P3-P1 93.70(3), C10-P4-P5 93.55(7), C10-P4-P2 
92.10(8), P5-P4-P2 103.98(3), C17-P5-P4 102.15(7), C17-P5-P1 99.74(8), P4-P5-P1 
99.90(3), C2-C1-P1 120.0(2), C1-C2-P2 119.6(2), C10-C9-P3 119.7(2), C9-C10-P4 
119.2(2).
Although the bulk sample appeared to consist o f a uniform, crystalline material, a powder 
X-ray diffraction experiment was performed to confirm the purity o f the material. Indeed 
the bulk sample consisted o f 5.8 (Figure 5.22).
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Figure 5.22: Powder X-ray diffraction pattern for the solids isolated from the 
dehydrocoupling reaction of 4,5-dimethyl-1,2-bisphosphinobenzene with
CpTi(NPtBu3)(CH2)4. Simulated pattern for 5.8 (bottom) and experimental (top).
5.4 Summary and Conclusions
The group(IV) metallacycles based on a mixed Cp or Cp* and phosphinimide framework 
has been shown to be effective in the dehydrocoupling o f primary and secondary 
phosphines. Although this system is much slower in the dehydrocoupling reactions than 
the zirconium trihydride system, [Cp*2ZrH3][Li], described in earlier reports, this system 
allows for the use o f aliphatic or aromatic solvents versus the ether-based solvents needed 
to solubilize the zirconium trihydride salt. Catalyst CpTi(NPT3u3)(CH2)4 was shown to 
be the first early transition metal effective at P-H and C-H activation with Mes*PH2 to 
form the phosphaindoline 5.9, as well as the indoline 5.10 from Mes*N3. In addition, 
catalyst CpTi(NPfBu3)(CH2)4 has been shown to form the previously reported Pi6 
macrocycle from 1,2-bisphosphinobenzene, which has only been available using 
zirconium trihydride catalyst to date. In a similar reaction, catalytic dehydro coupling o f 
4,5-dimethyl-1,2-bisphosphinobenzene does not form a direct analogue to the Pi6 
macrocycle, but forms a different oligomer 5.8 comprising of ten phosphorus atoms.
Further development of this chemistry could involve modifications o f the 1,2- 
bisphosphinobenzene system. One option would involve the incorporation of other
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substituents in the 4,5-positions, such as longer alkyl chains. This may lend the 
corresponding dehydrocoupled species Pio or P 16 more well behaved properties such as 
increased solubility. Another option is substitution in the 3,6-positions of the aryl ring. 
This may result in new dehydrocoupled products due to the increased steric bulk near the 
phosphorus atoms.
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